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ABSTRACT
Over 200 S-wave records of earthquakes recorded at the L-shaped 
Warramunga Seismic Array (WRA) located in the Northern Territory of 
Australia have been used to study the shear-wave velocity structure of 
the Earth's mantle under the tectonically active regions north of 
Australia. Most of the events used were located in the two narrow 
azimuthal directions associated with the Banda Sea - Philippine Islands 
Taiwan trend (Region I), within an azimuth range of (341+8) degrees and 
covering the epicentral distance range 13 to 46 degrees, and with the 
Sunda Arc Islands, within an azimuth of (298+8) degrees and covering the 
epicentral distance range 17 to 50 degrees (Region II). The remaining 
were located in Western Australia, the New Hebrides Islands region and 
in the Fiji Islands region (Region III).
Slowness values of shear-wave arrivals have been measured by using 
a beam-forming process and applying the Nth-root technique introduced by 
Muirhead (1968). Because slowness measurements using array data are 
sensitive to the local structure under the array, the analysis of events 
studied have been confined to narrow azimuthal ranges as indicated 
above. This minimizes uncertainties due to the effect of local 
structure, because the seismic rays (from each azimuthal region) travel 
approximately the same path near the array.
Because shear waves are not the first arrivals, the initial onset 
of this phase is generally perturbed by coda noise and some precursors. 
An arrival identification process is therefore needed before performing 
further analysis. The identification process is carried out in two 
ways. The first method is a trial-and-error procedure to construct the 
travel-time curve by correlating the arrivals shown on the records and 
their measured slowness values, inspecting for evidence of breaks in the
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Vfirst arrival slowness data and checking the obtained shear-wave 
travel-time curve with gross S-wave travel-time curves. The second 
method is a particle motion polarization analysis using three-component 
records to check that the arrivals determined by the first method are, 
in fact, shear waves. The results of this identification process have 
been found to be very interesting. For shallow and intermediate depth 
events with epicentral distances between 12 and 21 degrees, the first 
S-phase is perturbed by P-wave or Rayleigh-wave polarized arrivals whose 
slowness values are about the same as the expected S. They are 
interpreted to be S-to-P converted phases generated by topography at the 
Earth’s surface. The precursors are always observed when the slowness 
of the arriving S-phase is higher than the slowness of the near surface 
P-wave. At greater distances, these precursors become an ordinary
SP-phase which arrive later than the main S. The above precursors and 
the observed SP-phases suggest that if the Earth has an appreciable 
crustal thickness, this type of phase is generated at smaller distances 
than those predicted by the J-B table. Furthermore, the observation 
shows that in the case where more than one S-phase is present on the 
records (eg. in the case of a triplication of the travel-time curve) 
each S-phase is followed by its associated SP-phase.
A detailed search for Sp precursors at teleseismic distances using 
three-component records indicates that any such phases are very weak or 
cannot be seen in the records. This leads to the conclusion that the 
Moho boundary under WRA is not sharp but rather is a transitional 
discontinuity. This conclusion is in agreement with the result of 
crustal studies (D. Finlayson, personal communication).
A detailed analysis of slowness values of first and later arrivals 
indicates that there is strong evidence for at least eight sharp 
increases in shear-wave velocities between the depths of 100 and 1100
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km. Five of these velocity increases are indicated directly by breaks 
in the first arrival slowness data at distances near 14.5, 21, 23, 30 
and 43 degrees. These correspond to shear-wave velocity increases at 
depths near 200 km, 400 km, 650 km, 775 km and 1050 km. The other two 
triplications are not obviously shown by first-arrival slowness data but 
become evident when composite record sections are constructed. These 
triplications are centred at distances near 24 and 38 degrees and are 
associated with increases in shear-wave velocities at depths near 520 km 
and 920 km. Another apparent first-arrival slowness break is shown at a 
distance near 17 degrees. Further examination reveals that this break 
is not at the centre of a triplication but rather is caused by the dying 
out of the prograde branch of rays bottoming below 200 km depth due to 
the presence of a low velocity zone. The first arrival in the distance 
range 17 to 20 degrees is interpreted to be due to a sharp increase in 
shear-wave velocities near a depth of 300 km. This branch is also 
clearly observed as later arrivals.
Velocity modelling using trial-and-error method and the geometrical 
ray theory has been carried out to fit the reconstructed travel-time 
curve. The uncertainties of the model are examined in terms of the 
uncertainties of the data using the Herglotz-Wiechert-Bateman inversion 
integral. This calculation shows that an uncertainty in measured 
slowness values of about +0.5 sec/deg will produce a variation in 
velocity values of about +0.05 km/sec and an uncertainty in extended 
distances of about +1 degree will give a variation in depths of the 
velocity discontinuities in average of +20 km.
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CHAPTER 1
INTRODUCTION 
1.1  Aim o f  t h i s  s t u d y .
The s h e a r -w a v e  v e l o c i t y  d i s t r i b u t i o n  i n  t h e  E a r t h ' s  m a n t l e  i s  
s i g n i f i c a n t l y  l e s s  w e l l  d e t e r m i n e d  t h a n  t h e  c o m p r e s s i o n a l  v e l o c i t y .  
Th is  a p p l i e s  e s p e c i a l l y  t o  t h e  c o n t r i b u t i o n s  d e r i v e d  from body-wave 
d a t a ,  b e c a u s e  o f  t h e  i n h e r e n t  d i f f i c u l t i e s  o f  a c c u r a t e l y  m ea su r ing  S 
t r a v e l  t im e s  and s low ne ss  v a l u e s .  The problem r e s u l t s  p r i m a r i l y  b e c a u s e  
t h e  S-wave phase  i s  n o t  t h e  f i r s t  a r r i v a l  and i t s  o n s e t  i s  u s u a l l y  
d i s t u r b e d  by n o i s e  and p r e c u r s o r s .  A second r e a s o n  i s  t h a t  t h e  e n e rg y  
c o n t e n t  o f  t h e  P-wave i s  l a r g e r  t h a n  t h a t  o f  t h e  S-wave, b e c a u s e  t h e  
l a t t e r  i s  more s t r o n g l y  a t t e n u a t e d .  Th is  i s  p a r t i c u l a r l y  so f o r  
s h o r t - p e r i o d  S-waves which have  t r a v e l l e d  t e l e s e i s m i c  d i s t a n c e s .  The 
s m a l l e r  s i g n a l s  g e n e r a l l y  have  low s i g n a l - t o - n o i s e  (S/N) r a t i o ,  and 
e f f o r t  i s  r e q u i r e d  i n  d a t a  p r o c e s s i n g  t o  r e s o l v e  t h e  s i g n a l s .  However,  
b e c a u s e  t h e  v a r i a t i o n  o f  P-wave v e l o c i t y  w i t h  d e p t h  i s  now known t o  be 
more complex t h a n  t h a t  i n d i c a t e d  by t h e  f a m i l i a r  J e f f r e y s - B u l l e n  ( J -B )  
m o d e l , s e i s m o l o g i s t s  have  be e n  enc ou ra ge d  t o  work on S-waves i n  more 
d e t a i l  t h a n  p r e v i o u s l y  a t t e m p t e d .  Many s t u d i e s  have  been  u n d e r t a k e n  
s i n c e  t h e  l a t e  1 9 6 0 ’s (Doyle and H a l e s ,  1967,  Ib ra h im  and N u t t l i ,  1967,  
N u t t l i ,  1969, F a i r b o r n ,  1969,  Ha les  and R o b e r t s ,  1970a,  1970b, R a n d a l l ,  
1970,  Robinson and Kovach,  1972,  He lmberger  and Engen,  1974, H a r t ,  1975 
e t c ) ,  u s in g  d a t a  which have  been  o b t a i n e d  l a r g e l y  i n  t h e  USA. The 
r e s u l t s  a r e  i n  good g e n e r a l  agreement  w i th  t h o s e  g i v e n  by P-wave d a t a ,  
i n s o f a r  as  t h e  S-wave s t u d i e s  have  be e n  a b l e  t o  i n d i c a t e  t h e  two m ajo r  
v e l o c i t y  d i s c o n t i n u i t i e s  a t  400 km and 650 km and a l s o  t o  show t h a t  S i s  
more s e n s i t i v e  t o  l o w - v e l o c i t y  r e g i o n s .  B e n e f i t e d  by t h e  s e i s m ic  
e q u a t i o n  o f  s t a t e  ( B i r c h ,  1961, Anderson ,  1 967a ) ,  t h e r m o e l a s t i c  and
1
2f i n i t e  s t r a i n  e q u a t i o n s ,  and s u p p o r t e d  by p e t r o l o g i c a l  and e l a s t i c i t y  
d a t a ,  t h e  c o m b i n a t i o n  o f  d e t a i l e d  P-  and S-wave v e l o c i t y  d i s t r i b u t i o n s  
i s  a power fu l  t o o l  i n  t h e  d e t e r m i n a t i o n  o f  phase  t r a n s f o r m a t i o n s  and o f  
m i n e r a l  a s se m b la g e s  i n  t h e  E a r t h ' s  m a n t l e .
A r e c e n t  v e l o c i t y  d i s t r i b u t i o n  o b t a i n e d  u s in g  d a t a  from th e  
Warramunga Se ism ic  A r ray  (WRA) i s  t h e  P-wave v e l o c i t y  d i s t r i b u t i o n  o f  
Ram D a t t  (1977 ,  1981 ) .  Th is  model  i n d i c a t e s  a r e g i o n  o f  d e c r e a s i n g  
P-wave v e l o c i t y  i n  t h e  d e p th  r a n g e  210-310 km. O ther  i m p o r t a n t  a s p e c t s  
o f  Ram D a t t ' s  model  i s  t h e  p o s s i b i l i t y  o f  d i s c o n t i n u i t i e s  i n  t h e  
t r a v e l - t i m e  c u r v e  a t  d i s t a n c e s  n e a r  2 9 . 5 ,  39 and 43 d e g r e e s  (Ram D a t t  
and Muirhead 1976, 1977) .  The v a l i d i t y  o f  Ram D a t t ' s  P-wave model down 
to  a d e p th  o f  750 km i s  s u p p o r t e d  by t h e  v e r y  s i m i l a r  P-wave model  o f  
H a l e s ,  Muirhead and Rynn (1980a)  who used d a t a  from t h e  same r e g i o n  b u t  
w i th  a long  l i n e  o f  p o r t a b l e  i n s t r u m e n t s  r a t h e r  t h a n  a s e i s m i c  a r r a y .
The e v id e n c e  o f  a complex uppe r  m a n t l e  and t r a n s i t i o n  zone 
s t r u c t u r e  as  s u g g e s t e d  b o t h  by Ram D a t t  and H a le s  e t  a l . ,  combined w i t h  
t h e  p o s s i b i l i t y  o f  s e l e c t i n g  good S-wave d a t a  r e c o r d e d  a t  WRA from t h e  
same e p i c e n t r a l  r e g i o n ,  h a s  s u g g e s t e d  t h a t  i t  i s  w o r t h w h i l e  t o  a t t e m p t  
t o  d e t e r m i n e  an S-wave d i s t r i b u t i o n  as  a complement  t o  t h e  P-wave m o d e l .  
Th is  w i l l  be t h e  a u t h o r ’ s main  aim.
For  t h e  i n i t i a l  s t u d y ,  d a t a  f o r  more t h a n  200 e v e n t s  were s e l e c t e d  
from t h e  WRA s h o r t - p e r i o d  r e c o r d s  w i t h i n  t h e  p e r i o d  1975-1978 .  Th is  
d a t a  s e t  was l a t e r  expanded b o t h  t o  l o o k  a t  e v e n t s  from o t h e r  r e g i o n s  
and to  i n c l u d e  e v e n t s  f o r  which 3-component  s h o r t - p e r i o d  o u t p u t s  were 
a v a i l a b l e .  The e p i c e n t r e s  o f  s e l e c t e d  e v e n t s  were l o c a t e d  m o s t l y  a lo n g  
t h e  Banda Sea and t h e  H a l m a h e r a - P h i l 1 i p i n e  I s l a n d s - T a i w a n  t r e n c h e s  
(Reg ion  I ) ,  f o r  which t h e  az im uth  d e v i a t i o n  i s  w i t h i n  t h e  r a n g e  341±8 
d e g r e e s  w i th  r e s p e c t  t o  WRA. Some e v e n t s  were a l s o  i n c l u d e d  from the  
J a v a - S u m a t r a  r e g i o n  (Reg ion  I I )  which c o v e r s  t h e  a z im u th a l  r a n g e  298+8
LA
TI
TU
DE
3
WRA
LONGITUDE
Figure 1.1 Locat ion  o f  the WRA seismic a r ray  w i th  respect 
to  earthquake regions from which events have 
been used in  t h i s  study.
Region I : Banda Sea - Halmahera - P h i l i p p in e  
is lands  - Taiwan
Region I I  : Sunda arc is lands
Region I I I  : I r i a n  Java - New Hebrides - F i j i  
i s lands
4d e g r e e s  and from th e  Solomon I s l a n d s - N e w  H e b r i d e s - F i j i - T o n g a  r e g i o n  
( R e g io n  I I I ) .  These l a t t e r  e v e n t s  c o v e r  a wide azimuth range ( s e e  
F i g u r e  1 . 1 ) .
1 . 2  The Warramunga S e i s m i c  A rray .
The Warramunga S e i s m i c  Array ,  i n s t a l l e d  by t h e  Uni ted  Kingdom 
Atomic Energy A u t h o r i t y  ( U . K. A. E . A. )  near  Tennant Creek i n  t h e  Northern  
T e r r i t o r y  o f  A u s t r a l i a ,  began  o p e r a t i o n  i n  October 1965 and i s  now 
j o i n t l y  o p e r a t e d  by t h e  B r i t i s h  Procurement  E x e c u t i v e  o f  t h e  M i n i s t r y  o f  
D e fen ce  and t h e  A u s t r a l i a n  N a t i o n a l  U n i v e r s i t y .  I t  i s  c l a s s e d  as a 
medium a p e r t u r e  a r r a y ,  has  an L - s h a p e , and c o n t a i n s  tw e n t y  s h o r t - p e r i o d  
v e r t i c a l - c o m p o n e n t  Wi l lm ore  MKII s e i s m o m e t e r s ,  arranged  i n  two l i n e s  o f  
t e n .  Both l i n e s  are  2 2 . 5  km lo n g  and are  a p p r o x i m a t e l y  a t  r i g h t  a n g l e s  
to  each  o t h e r  ( s e e  F i g u r e  1 . 2 ) .  The g e o g r a p h i c  c o o r d i n a t e s  o f  th e  
i n d i v i d u a l  s e i s m o m e t e r s  and t h e  c a r t e s i a n  c o o r d i n a t e s  r e l a t i v e  to  th e  
p o i n t  o f  i n t e r s e c t i o n  o f  t h e  two arms o f  t h e  a r r a y  a re  l i s t e d  i n  Tab le  
1 . 1 .  In 1978,  5 s e t s  o f  h o r i z o n t a l  s h o r t - p e r i o d  s e i s m o m e t e r s  were
i n s t a l l e d  a t  s t a t i o n s  R6, RIO, Bl ,  B6,  BIO ( c . f .  F i g .  1 . 2 a ) *  S i g n a l s  
from each  s e i s m o m eter  are  r a d i o  t e l e m e t e r e d  t o  a c e n t r a l  r e c o r d i n g  
s t a t i o n  and were o r i g i n a l l y  r e c o r d e d ,  s i m u l t a n e o u s l y  w i t h  a t ime c o d e ,  
o n to  2 4 - t r a c k  FM m a g n e t i c  t a p e .  In 1978 th e  primary r e c o r d i n g  sys tem  
was changed t o  a d i g i t a l  r e c o r d i n g  s y s t e m ,  and t h e  a n a lo g  FM ta p e  d r i v e  
was a t  t h i s  t i m e  r e l e g a t e d  to  p r o v i d i n g  a b ack up .  For t h i s  s t u d y  
r e c o r d s  from bo th  v e r t i c a l  and h o r i z o n t a l  components  and b o th  FM and 
d i g i t a l  t a p e s  have b een  u s e d .  Output sa m p les  o f  t h e  i n d i v i d u a l  c h a n n e l s  
a r e  p r e s e n t e d  i n  F i g u r e  1 . 2 b .
1 . 3  P r e v i o u s  S-wave s t u d i e s .
Doyle  and H ales  ( 1 9 6 7 )  found t h a t  th e  d e v i a t i o n  o f  S t r a v e l  t im e s  
from th e  J-B t r a v e l  t i m e s  had a range  about  e i g h t  s e c o n d s  f o r  s t a t i o n s
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.2b Records o f the ind iv idu a l channels o f event LIL518 
from the Banda Sea region.
The P and S records have d i f fe r e n t  normalization scales.
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7in North America, as compared with three seconds for P residuals. They 
suggested that these deviations were largely caused by variations in the 
upper mantle. Ibrahim and Nuttli (1967) used particle motion diagrams 
to determine the onset times of first and later arrivals of long period 
S-waves and obtained an empirical travel time for S out to 65 degrees 
for an "average" United States model. An S-wave velocity distribution 
was calculated for the upper mantle using these travel times. As shown 
in Figure 1.3 this velocity model contained pronounced low-velocity 
zones at depths of about 150-200 km, 340-370 km and 670-710 km, and 
regions of rapidly increasing velocity beginning at depths 400 km and 
750 km. Nuttli (1969) used Nevada underground nuclear explosions as 
sources to observe S travel times. The velocity model constructed from 
observations of these explosions showed major features which are similar 
to the model of Ibrahim and Nuttli (1967) except that the two deeper 
low-velocity zones were not present.
Fairborn (1969) presented an S-velocity distribution for the lower 
mantle in the distance range of 27-95 degrees, using slowness and 
travel-time data from the Large Aperture Seismic Array (L.A.S.A.), in 
eastern Montana, USA. The velocity model which was calculated by a 
Monte Carlo inversion procedure showed increases in the velocity 
gradients between the approximate depths of 700-800 km and 1550-2100 km. 
Hales and Roberts (1970a) observed travel times of S and SKS from North 
American station data and fitted them by a quadratic in epicentral 
distance. From the calculated slownesses of the raw data they suggested 
that there was a discontinuity in slowness at about 42 degrees, which 
corresponded to a velocity increase at a depth of 912 km (Hales and 
Roberts, 1970b). In 1971 Randall proposed a revised travel-time table 
for S which showed a discrepancy between the J-B tables and the observed 
travel-times. The corresponding velocity distribution did not have
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9s i g n i f i c a n t  v e l o c i t y  d i s c o n t i n u i t i e s  n o r  v e l o c i t y  g r a d i e n t s .  I t  d i d ,  
however  show a lower  v e l o c i t y  i n  t h e  uppe r  p a r t  o f  t h e  m a n t l e  and a 
h i g h e r  v e l o c i t y  a t  d e p t h s  o f  700 km and 1000 km when compared w i th  t h e  
J-B model  ( F i g u r e  1 . 4 ) .
Robinson and Kovach (1972)  p roposed  t h r e e  sh e a r - w a v e  v e l o c i t y  
d i s t r i b u t i o n s  f o r  w e s t e r n  N or th  America and a r e a s  o f  t h e  P a c i f i c  Ocean 
which t h e y  c a l l e d  REDDOG-2 m o d e l s .  These model s  were c o n s t r u c t e d  to  
r e p r e s e n t  o c e a n i c ,  t e c t o n i c - c o n t i n e n t a l  and a v e r a g e  uppe r  m a n t l e  
s t r u c t u r e s  and a l l  show t h e  g e n e r a l  f e a t u r e  o f  a l o w - v e l o c i t y  zone 
b e g i n n i n g  a t  a d e p th  o f  a bou t  100 km and zones  o f  h i g h  v e l o c i t y  g r a d i e n t  
b e g i n n i n g  a t  d e p t h s  o f  400 ,  650 and 900 km. The c o r r e s p o n d i n g  
t r a v e l - t i m e  c u r v e  shows f o u r  t r i p l i c a t i o n s ,  two a t  a d i s t a n c e  o f  a bou t  
20 d e g r e e s  ( h i g h  v e l o c i t y  g r a d i e n t s  a t  300 km and 400 km),  one a t  abou t  
25 d e g r e e s  ( h i g h  v e l o c i t y  g r a d i e n t  a t  700 km) and a t  abou t  40 d e g r e e s  
( h i g h  v e l o c i t y  g r a d i e n t  a t  900 km ) . T h e i r  model  f o r  an a v e ra g e  uppe r  
m a n t l e  i s  shown i n  F i g u r e  1 . 5 .
W o r th in g to n  e t  a l . (1974)  i n v e r t e d  t h e  t r a v e l - t i m e  d a t a  o f  Ib rah im  
and N u t t l i  ( 1 9 6 7 ) ,  N u t t l i  ( 1 9 6 9 ) ,  Ha le s  and R o b e r t s  (1970a)  as  w e l l  as  
p r e v i o u s  w o r k e r s ,  u s in g .M o n t e  C a r lo  t e c h n i q u e s .  They e s t i m a t e d  t h a t  t h e  
f i r s t  m a jo r  m a n t l e  d i s c o n t i n u i t y  l a y  i n  t h e  d e p t h  r a n g e  300-450 km and 
t h a t  t h e  lower  m a jo r  d i s c o n t i n u i t y  was a t  a d e p t h  o f  690+25 km. Most o f  
t h e  p r e v i o u s  models  f e l l  w i t h i n  t h e i r  e r r o r  b o u n d s .  These two m a jo r  
d i s c o n t i n u i t i e s  a l s o  a p p e a re d  as  s h a r p  d i s c o n t i n u i t i e s  i n  t h e  model B1 
o f  J o r d a n  and Anderson ( 1 9 7 4 ) .  The model  B1 a l s o  showed a n e g a t i v e  
v e l o c i t y  g r a d i e n t  be tw een  446-671  km ( s e e  F i g u r e  1 . 6 ) .  An a t t e m p t  t o  
d e t e r m i n e  a s h e a r - v e l o c i t y  model  t h a t  f i t s  b o t h  t r a v e l  t im e s  and wave 
sha pes  by t r i a l  and e r r o r  i s  t h e  one o f  He lmberger  and Engen ( 1 9 7 4 ) .  
T h e i r  model does  n o t  show a n e g a t i v e  v e l o c i t y  g r a d i e n t  in  t h e  d e p th  
r a n g e  446-671 km b u t  i n s t e a d  c o n t a i n s  h i g h  v e l o c i t y  g r a d i e n t s  s t a r t i n g
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Figure 1.4 The shear velocity models of Jeffreys-BulIen 
(----------) and Randall (1970,---------- ).
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a t  d e p t h s  n e a r  400 km, 500 km and 640 km ( F i g u r e  1 . 7 ) .  B u rd ick  and 
Anderson  (1975)  i n t e r p r e t e d  t h i s  model i n  t e rm s  o f  a m i n e r a l o g i c a l  
c o m p o s i t i o n  o f  t h e  uppe r  m a n t l e  u s i n g  f i n i t e  s t r a i n  e x t r a p o l a t i o n  o f  
r e a s o n a b l e  m i n e r a l s .  Most o f  t h e  s t r u c t u r e  i n  t h e  uppe r  m a n t l e  can be 
a t t r i b u t e d  t o  t h e  c o l l a p s e  o f  f o r s t e r i t e - r i c h  o l i v i n e  t o  b e t a  s p i n e l  and 
t h e n  t o  t h e  gamma s p i n e l  s t r u c t u r e .  The 640 km d i s c o n t i n u i t y  a ppe a re d  
to  be due t o  t h e  d i s p r o p o r t i o n a t i o n  o f  gamma s p i n e l  to  a m i x t u r e  o f  (Mg, 
Fe)0  and s t i s h o v i t e  w i th  t h e  p o s t - s p i n e l  phase  i n  t h e  lower  m a n t l e ,  
which was i n f e r r e d  t o  be more e n r i c h e d  i n  SiO^ t h a n  t h e  uppe r  m a n t l e .  
H a r t  (1975)  p roduced  a n o t h e r  s h e a r - v e l o c i t y  model  by a p p ly i n g  
t h e o r e t i c a l  waveform t e c h n i q u e s  t o  d a t a  from t h e  World Wide S t a n d a rd  
Network (WWSN) and t h e  Canadian  Se ismograph Network.  In  t h e  d e p th  r a n g e  
0-1100 km, t h e  model  i s  s i m i l a r  t o  t h e  one o f  Helmberger  and Engen 
( 1 9 7 4 ) ,  e x c e p t  f o r  a l i d  a t  t h e  t o p  o f  t h e  l o w - v e l o c i t y  zone where H a r t  
showed a c o n s t a n t  v e l o c i t y  o f  4 . 4 5  km/sec i n  t h e  d e p t h  r a n g e  41-71 km.
From r e s u l t s  o f  N or th  American s t a t i o n  d a t a ,  i t  a p p e a r s  t h a t  a l l  
s h e a r - v e l o c i t y  d i s t r i b u t i o n s  have  t h e  f o l l o w i n g  f e a t u r e s  i n  common: a 
l o w - v e l o c i t y  zone c e n t r e d  a t  a d e p th  o f  a bou t  100 km, a p o s s i b l e  h i g h  
v e l o c i t y - g r a d i e n t  b e tw een  t h e  d e p t h s  200-300 km, a d i s c o n t i n u i t y  a t  a 
d e p th  o f  a bou t  400 km, a h i g h  v e l o c i t y - g r a d i e n t  be tw e en  d e p t h s  400-500  
km, a d i s c o n t i n u i t y  a t  a d e p t h  o f  a bou t  650 km, and p o s s i b l e  
d i s c o n t i n u i t i e s  a t  d e p t h s  be low  700 km which need f u r t h e r  c o n f i r m a t i o n .
So f a r ,  no sh e a r - w a v e  v e l o c i t y  d i s t r i b u t i o n  from body-wave d a t a  
r e c o r d e d  a t  t h e  Warramunga a r r a y  h a s  been  d e v e l o p e d .  The most  r e c e n t  
uppe r  m a n t l e  model was u s i n g  WRA d a t a  e s t i m a t e d  from P - s lo w n e s s  d a t a  
(Ram D a t t ,  1977) .  He c o n c lu d e d  t h a t  t h e  " 2 0 - d e g r e e  d i s c o n t i n u i t y "  i s  
more c o m p l i c a t e d  t h a n  would be o b t a i n e d  from a s i n g l e  v e l o c i t y  i n c r e a s e  
n e a r  400-km d e p th  and t h e r e  a r e  r e g i o n s  o f  r a p i d  o r  d i s c o n t i n u o u s  
v e l o c i t y  i n c r e a s e  a t  d e p t h s  be low 650 km ( F i g u r e  1 . 8 ) .  The i n f e r e n c e
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t h a t  a n e g a t i v e  v e l o c i t y  g r a d i e n t  e x i s t s  be tw een  210-  and 310-km d e p th  
a t t r a c t e d  many a l t e r n a t i v e  e x p l a n a t i o n s .  P a r t i a l  m e l t i n g  i s  a p l a u s i b l e  
e x p l a n a t i o n  fo r  t h e  o c c u r r e n c e  o f  a n e g a t i v e  v e l o c i t y  g r a d i e n t .  A 6% 
m o l t e n  f r a c t i o n  o f  m i n e r a l  a s se m b la ge  would c a u se  a d e c r e a s e  in  
v e l o c i t y ,  b u t  t h i s  n e e d s  t o  be c o n f i rm e d  by s t u d i e s  o f  t h e  s h e a r -w a v e  
v e l o c i t y .  (The l o w - v e l o c i t y  zone f o r  P-waves i n  t h e  d e p th  r a n g e  210-300 
km, i n f e r r e d  by b o t h  Ram D a t t  and Ha le s  e t  a l . ,  h a s  n e v e r  been  r e p o r t e d  
p r e v i o u s l y . )  The v e l o c i t y  i n c r e a s e  be tw een  310 and 330 km i s  p r o b a b l y  
c a use d  by a p y r o x e n e - g a r n e t  t r a n s f o r m a t i o n  (Ringwood,  1967 ) .  The
d i s c o n t i n u i t y  a t  400 km was i n t e r p r e t e d  as  a phase  t r a n s i t i o n  o f  o l i v i n e  
t o  t h e  b e t a  p h a s e ,  d i r e c t l y  o r  t h r o u g h  s p i n e l  d e p e nd ing  on t h e  i r o n  
c o n t e n t  (Ringwood,  1975) .  At g r e a t e r  d e p t h s ,  t h e  b e t a  phase  would 
t r a n s f o r m  to  s p i n e l  and would i n c r e a s e  t h e  v e l o c i t y ,  which c o u ld  e x p l a i n  
t h e  e v id e n c e  o f  a h i g h  v e l o c i t y - g r a d i e n t  a t  a d e p th  o f  450 km. The 520 
1cm and 650 km d i s c o n t i n u i t i e s  were s u g g e s t e d  t o  be  t h e  r e s u l t  o f  a b e t a  
phase  t o  s p i n e l  t r a n s f o r m a t i o n  ( t h e  most  p r o b a b l e )  o r  a c a l c iu m  g a r n e t  
p e r o v s k i t e  s t r u c t u r e  t r a n s f o r m a t i o n  (Ringwood,  1975) .  Below 650 km 
t h e r e  were t h r e e  d i s c o n t i n u i t i e s  a t  d e p t h s  o f  750 km, 920 km and 1050 
km. The 750-km d i s c o n t i n u i t y  was s u g g e s t e d  t o  be a t r a n s f o r m a t i o n  o f  
g a r n e t  to  t h e  p e r o v s k i t e  s t r u c t u r e  (Ringwood,  1975) ,  w h i l e  t h e  920 km 
and 1050 km d i s c o n t i n u i t i e s  a r e  s t i l l  unde r  q u e s t i o n .
O ther  r e s u l t s  t h a t  can  be  c o n s i d e r e d  t o  be r e p r e s e n t a t i v e  f o r  t h e  
A u s t r a l i a n  c o n t i n e n t  a r e  t h e  s u r f a c e - w a v e  d i s p e r s i o n  d a t a  
i n t e r p r e t a t i o n s  by Goncz ( 1 9 7 4 ) ,  who c o n s t r u c t e d  sh e a r - w a v e  model s  down 
t o  a d e p th  o f  450 km. His e a s t e r n  A u s t r a l i a  uppe r  m a n t l e  model  h a s  a 
c l e a r  l o w - v e l o c i t y  zone from 120 t o  190 km, b u t  t h e  w e s t e r n  model  does  
n o t .  The im p o r t a n c e  o f  t h e  w e s t e r n  o r  s h i e l d  model  i s  t h e  a p p e a r a n c e  o f  
a l o w - v e l o c i t y  zone be tw een  280 km and 400 km d e p t h ,  which i s  i n  rough  
ag reemen t  w i th  Ram D a t t ' s  model  ( s e e  F i g u r e s  1 .9  and 1 .10  f o r  G o n c z 's
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m o d e l s ) .  Ram D a t t ' s  P-wave model  i s  s u p p o r t e d  and d e t e r m i n e d  i n  more 
d e t a i l  by an a n a l y s i s  o f  t h e  C e n t r a l  A u s t r a l i a n  P r o j e c t  d a t a  ( H a le s  e t  
a l  . , 1 9 8 0 a ) .  Th is  s t u d y  used a long  l i n e  o f  s e i s m o m e te r s  c r o s s i n g  th e  
A u s t r a l i a n  c o n t i n e n t  i n  an a lm o s t  n o r t h - s o u t h  d i r e c t i o n .  Many 
e a r t h q u a k e s  from t h e  Banda Sea r e g i o n  were r e c o r d e d  in  t h i s  e x p e r i m e n t  
and b o t h  t h e  t r a v e l - t i m e s  and t h e  s lo w ne ss  v a l u e s  were a n a l y s e d ,  w i th  
s m a l l e r  u n c e r t a i n t i e s  r e s u l t i n g  from e r r o r s  i n  s o u r c e  p a r a m e t e r s .  The 
P-wave model  p roduced  by t h i s  s t u d y  (CAP8) w i l l  be used as  a 
r e p r e s e n t a t i v e  c o m p r e s s i o n a l - w a v e  v e l o c i t y  s t r u c t u r e  be low t h e  
A u s t r a l i a n  c o n t i n e n t  f o r  c o m p a r i s o n  w i th  t h e  s h e a r -w a v e  v e l o c i t y  
s t r u c t u r e .  The CAP8 model  i s  shown i n  F i g u r e  1 .1 1 .
1 .4  Some i m p o r t a n t  t o p i c s  o f  t h i s  s t u d y .
This  s t u d y  e m p h a s i ze s  b o t h  t h e  a n a l y s i s  m ethods  used and t h e  new 
e v id e n c e  o b t a i n e d ,  p a r t i c u l a r l y  f o r  some prob lems which a r e  p r e s e n t l y  
f ac e d  i n  s e i s m o lo g y  and o t h e r  r e l a t e d  f i e l d s .
In  t h e  d a t a  p r o c e s s i n g ,  t h i s  s t u d y  h a s  shown t h a t  t h e  N t h - r o o t  
method a p p l i e d  t o  s e i s m i c  a r r a y  p r o c e s s i n g  i s  a pow er fu l  t o o l  f o r  
m e a s u r in g  s lo w ne ss  v a l u e s  o f  s e i s m i c  wave a r r i v a l s ,  even  when t h e  
s i g n a l / n o i s e  r a t i o  i s  low.  I t  h a s  be e n  d e t e r m i n e d  t h a t  im prov in g  t h e  
s i g n a l / n o i s e  r a t i o  r e v e a l s  some s u r p r i s i n g  r e s u l t s .  Not o n l y  can weak 
f i r s t  a r r i v a l s  o f  some b r a n c h e s  o f  t h e  t r a v e l - t i m e  c u r v e ,  which would be  
m is s e d  on t h e  o u t p u t  o f  a s i n g l e  s t a t i o n  be  d e t e c t e d  by r a i s i n g  t h e  
S/N r a t i o ,  b u t  an e s t i m a t e  o f  t h e  s lo w n e ss  v a l u e s  can  a l s o  be  o b t a i n e d .  
U n l ike  P -  waves , which a r e  t h e  f i r s t  a r r i v a l s  f o r  an e v e n t ,  t h e  
c h o i c e  o f  l a r g e r  e v e n t s  may n o t  improve t h e  S/N r a t i o  o f  t h e  s h e a r - w a v e  
a r r i v a l s .  Th is  i s  b e c a u s e  t h e  P-wave c o d a ,  which c o n s t i t u t e s  most  o f  
t h e  n o i s e  p a r t i c u l a r l y  a t  s h o r t e r  d i s t a n c e s ,  w i l l  be  c o r r e s p o n d i n g l y
i n c r e a s e d .
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Figure 1.11 The CAP8 P-wave v e lo c i ty  d is t r ib u t io n  model 
[ Hales e t al , 1977, 1980a ) .
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A search for phase conversion from S to P at the "Moho" under WRA
which would , if present, complicate the analysis procedure, has been
unsuccessful. This indicates that the crust-mantle boundary under 
northern Australia is not sharp enough for this conversion to take place 
at short-periods.
Notwithstanding the complexities of the data, the S travel-time and 
the S-velocity models produced by this study present detailed features 
of the shear-velocity structure in the upper mantle and transition zone 
covered by the available data from 13 to 50 degrees distance range.
1.5 Outline of the thesis.
This thesis is based on a study of S body-wave data, which is 
utilized to infer the detailed shear-wave velocity structure of the 
Earth. Chapter 2 reviews the theory of this subject with emphasis on 
refraction, travel-time construction, amplitude behaviour and other 
properties related to wave propagation in a layered Earth.
Chapter 3 covers the theory of processing array data, the idea of 
the Nth-root method and the processing sequence used in this study. 
Some corrections, which the measured slowness value may require, are 
also discussed. Samples of 3-component records from various distances 
and directions are included to illustrate that in this study care has 
been taken to correctly pick the first S arrival .
The processed data and their measured slowness values are presented 
in Chapter 4. Significant evidence for each postulated branch of the 
travel-time curve is presented, and the corresponding travel-time curve 
is constructed.
Chapter 5 discusses three interesting topics which arise from the 
analysis described in Chapter 4, these are: the evidence for S-wave 
velocity increases at depths near 200, 300 and 400 km, the velocity
21
d i s c o n t i n u i t i e s  be low  400-km d e p th  i n  t h e  m a n t l e ,  and t h e  r e l a t i o n  
b e tw een  t h e  SP-S s e p a r a t i o n  t im e  and t h e  v e l o c i t y  s t r u c t u r e  i n  t h e  lower 
m a n t l e .
C h a p te r  6 d e a l s  w i th  t h e  c o n s t r u c t i o n  o f  S-wave v e l o c i t y  model s  
whose t r a v e l - t i m e  c u r v e s  f i t  t h e  t r a v e l - t i m e  c u r v e  d e r i v e d  from t h e  
m easu red  s low ness  d a t a .  The c om pa r i son  o f  t h e  models  w i t h  t h e  r e s u l t s  
o f  some p r e v i o u s  i n v e s t i g a t o r s  i s  a l s o  d i s c u s s e d .
F i n a l l y ,  Cha p te r  7 c o n c l u d e s  t h e  r e s u l t s  and p r o p o s e s  some f u t u r e  
work on t h e  b a s i s  o f  t h i s  s t u d y .
CHAPTER 2
SOME IMPORTANT THEORETICAL CONSIDERATIONS FOR THE ANALYSIS OF S-WAVE DATA
2.1 Introduction.
There are many limitations in analysing S-wave records from a 
seismic array, especially for the purpose of constructing travel-time 
curves. Some basic theories of elastic-wave propagation are therefore 
required in order to produce a proper analysis of the data. The nature 
of shear-wave vibration dictates the behaviour of the particle motion at 
the receiver and Snell's law, which governs the wave behaviour at an 
interface, will determine the phase content of the arrival wave train 
and the Earth's response to that wave. More specifically, Bullen's ray 
theory concerning the time-distance relation ( T - A) is useful for 
correcting the data, analysing the amplitude behaviour within each 
record and relating many observed parameters to the Earth's structure. 
All these theories will be reviewed in the following sections.
2.2 Vibration and particle motion.
As is well known, the seismic source emits two fundamental body
waves, P or compressional waves and S or shear-waves. It is useful for
many purposes to subdivide S-waves into SV, the vertically polarized
component and SH, the horizontally polarized component. In a spherical
coordinate system whose origin is on the ray path, P has only a radial
(ei ) component, SV has only a component along e , and SH has only a t 0
component along e., where e , e~ ,e are unit vectors along the threer 0  cp
axes in the spherical coordinate system.
The nature of P, SV and SH vibrations can be distinguished by 
transforming the motion into vertical (Z), horizontal-radial (R) and 
horizontal-transverse (T) motions. If the motion away from the
22
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e p i c e n t r e  i n  t h e  R component  and upward m o t i o n  i n  t h e  Z component  a r e  
c o n s i d e r e d  to  be p o s i t i v e  t h e n  t h e  f o l l o w i n g  r e s u l t  w i l l  h o l d  f o r  t h e  
p r o d u c t  o f  t h e  R and Z components  (RZ) . For  P m o t i o n ,  RZ a lways  has  
p o s i t i v e  v a l u e s ,  as  R and Z a r e  b o t h  p o s i t i v e  in  t h e  r a d i a l l y  ou tward  
m o t io n  and a r e  b o t h  n e g a t i v e  i n  t h e  r a d i a l l y  inward  m o t i o n .  For l i n e a r  
SV m o t i o n ,  RZ a lways h a s  n e g a t i v e  v a l u e s ,  as  upward m o t io n  c o n t r i b u t e s  
p o s i t i v e  Z and n e g a t i v e  R and downward m o t i o n  c o n t r i b u t e s  n e g a t i v e  Z and 
p o s i t i v e  R. For  complex ( e l l i p t i c a l )  SV m o t i o n ,  RZ w i l l  have  a l t e r n a t e  
p o s i t i v e  and n e g a t i v e  v a l u e s  as  t h e  m o t i o n  h a s  a t w o - d im e n s i o n a l  shape  
i n  t h e  v e r t i c a l  p l a n e  which may c o n t r i b u t e  e i t h e r  ou tward  o r  inward  
r a d i a l  m o t i o n .  SH m o t io n  h a s  n e i t h e r  a v e r t i c a l  no r  a r a d i a l  component  
as  t h e  m o t io n  i n  t h e  e d i r e c t i o n  i s  i d e n t i c a l  to  T m o t i o n .  The 
g e o m e t r i c  i l l u s t r a t i o n  f o r  t h o s e  r e s u l t s  i s  p r e s e n t e d  in  F i g u r e  2 . 1 .
At t h e  3 component r e c e i v e r ,  t h e  n o r t h - s o u t h  and e a s t - w e s t  
components  must  f i r s t  be t r a n s f o r m e d  i n t o  R and T com ponen t s .  I f  a  i s  
t h e  a z im u th  o f  t h e  e p i c e n t r e  r e l a t i v e  t o  t h e  r e c e i v e r  component  
c l o c k w i s e  from n o r t h ,  t h e  t r a n s f o r m a t i o n  can  be e x p r e s s e d  a s ,
\ - l  i
c o s a  - s i n a ( 2.1  )
\ - \
0 sinOt
where X = e a s t - w e s t  m o t i o n  d a t a
Y = n o r t h - s o u t h  m o t io n  d a t a .
At WRA t h e  s e i s m o m e te r s  a r e  s e t  up such t h a t  Z i s  p o s i t i v e  f o r  upward 
m o t i o n ,  X i s  p o s i t i v e  f o r  m o t io n  t o  t h e  wes t  and Y i s  p o s i t i v e  f o r  
m o t io n  t o  t h e  s o u t h .
A f t e r  t h i s  t r a n s f o r m a t i o n ,  t h e  RZ v a l u e s  p r o v i d e  a means o f  
i d e n t i f y i n g  t h e  f i r s t  S phase  among t h e  p h a s e s  i n  t h e  f i r s t - a r r i v a l
24
P - wave motion SV - wave motion
d irec t ion  of 
propagation
Figure 2.1
Diagram i l l u s t r a t i n g  the p a r t ic le  motion of P , SV and 
complex SV waves.
The o r ig in  0 is the receiver pos i t ion. The product between 
R and Z components fo r  P-wave is always pos i t ive ,  fo r  SV- 
wave is always negative and fo r  complex SV-wave w i l l  have 
alternate posi t ive and negative values.
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group of the S-wave train. S-to-P converted phases (Sp), originating 
either at the Moho or in the crust, travel to the receiver as a P wave 
so they will arrive earlier than S and, if the conversion interface is 
horizontal, have virtually the same apparent velocities. This Sp phase 
is generated by the SV component of the original S-wave, so it can be 
identified by evaluating its RZ values. Furthermore, the Sp phase may 
not always be observed in a seismic record, because it depends strongly 
on how sharp a transition the conversion interface is. A further factor 
which will affect the amplitude is that the converted Sp phase, which is 
a refraction from low S to higher P velocity is dependent on critical 
angle reflection criterion.
The dependence of SV energy fraction on the relative orientation of 
source motion can be clearly seen by utilizing equation (2.2), which 
shows the relationship between a fault mechanism and the SV displacement 
component produced. Teng (1966) derived complete displacement equations 
for P, SV and SH motions for two cases, a shear fault and a tensile 
fault. The SV displacement equation can be simplified into the product 
of three terms,
usv = -F1(0),T ,ds) F2 (t- /r/
where F^  = fault displacement function term ( 2.2 )
F2 = wave propagation term ( spreading factor is included ) 
The 3rd term is the geometrical relation between the fault plane 
orientation, the fault displacement orientation and the direction
of propagation.
Vp,Vs = compressional and shear-wave velocities
a = a unit vector directing to the fault motion (slip vector)
for a tensile fault a = n
n = normal vector of the fault plane.
w,T,ds are angular frequency, rapidity factor of the fault step 
function and displacement path respectively.
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The g e o m e t r i c a l  term shows t h a t  t h e  m agn i tude  o f  t h e  SV d i s p a c e m e n t  i s
s t r o n g l y  d e p e n d e n t  on t h e  c o s i n e  v a l u e s  o f  a n g le s  be tw een  a and "e a
and 'e' , "n and "ea , n and ~e . r  u r
The SH d i s p l a c e m e n t  has  t h e  same form as SV e x c e p t  t h a t  t h e  te rm  e
8
must  be r e p l a c e d  by e ^ . Then t h e  r a t i o  o f  t h e  d i s p l a c e m e n t  m a g n i tu d e s  
b e tw e en  SV and SH can  be e x p r e s s e d  a s ,
Vp
sv 2 ( a . e Q) ( n . e r ) + ( —2 -  1) ( a . e^)  (n.*eQ)
r sh = ---------------------------------- §-------------------------------  ( 2 - 3
2 ( a . e , ) ( n . e  ) + ( VP -  l ) ( a . e  ) ( n . e . )9 r —2 r 9
vs
E q u a t io n  ( 2 . 2 )  and ( 2 . 3 )  shows t h a t  a knowledge o f  t h e  f a u l t  mechanism 
o r  s o u r c e  m o t io n  can h e l p  t o  p r e d i c t  t h e  q u a l i t y  o f  t h e  SV m o t i o n .
2 .3  R e f r a c t i o n  and r e f l e c t i o n .
Because S-waves have  two v i b r a t i o n  t y p e s ,  t h e y  have  d i f f e r e n t  
r e s p o n s e s  i n  t h e  r e f r a c t i o n  and r e f l e c t i o n  p r o c e s s  when compared w i t h  P 
w aves .  SH i s  h o r i z o n t a l l y  p o l a r i z e d ,  so i t  w i l l  n o t  g e n e r a t e  v e r t i c a l  
d i s p l a c e m e n t  when t h e  wave p a s s e s  t h r o u g h  an i n t e r f a c e  be tw een  two 
m e d i a .  The r e f l e c t e d  and t r a n s m i t t e d  waves w i l l  be p u r e l y  o f  t h e  SH 
t y p e .  On t h e  o t h e r  ha nd ,  t h e  SV component ,  which i s  v e r t i c a l l y  
p o l a r i z e d ,  may produce  l o n g i t u d i n a l  v i b r a t i o n  i f  t h e  bounda ry  c o n d i t i o n s  
a r e  s a t i s f i e d .  Thus,  b o t h  r e f r a c t e d  and r e f l e c t e d  SV and P waves c a n  be 
g e n e r a t e d  by  an i n c i d e n t  SV wave.  The d i r e c t i o n  o f  p r o p a g a t i o n  o f  t h e  
g e n e r a t e d  waves obeys S n e l l ' s  law and t h e  p a r t i t i o n  o f  e n e rg y  i s  
gove rne d  by t h e  bounda ry  c o n d i t i o n s  f o r  d i s p l a c e m e n t s  and s t r e s s e s .
In  t h e  c a se  o f  SV and P waves ,  t h e  wave f u n c t i o n s  f o r  a l l  p h a s e s  
can  be w r i t t e n  as  a f u n c t i o n  o f  two v a r i a b l e s  which a r e  t h e  axes  o f  t h e  
p o l a r i z a t i o n  p l a n e .  I f  t h e s e  v a r i a b l e s  a r e  d e n o te d  as  x^ and t h e n  
t h e  s c a l a r  and v e c t o r  p o t e n t i a l s  o f  t h e  wave f u n c t i o n s  can be e x p r e s s e d
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as follows (see Figure 2.2) for the first medium,
({)i = Aq exp (ik(ct-x^+ a^x^)) + AR exp(ik(ct-x^- a^x^))
( 2.4a)
ip i = Bq exp (ik(ct-Xj+ b^x^)) + Br exp (ik (ct-x^- b^x^))
and for the second medium,
4)2 = At expCikCct-x^ a ^ ) )
\p2
where
= Bt exp(ik(ct-x^+ b2x ))
( 2.4b)
A, B are amplitudes of P and SV waves
the subscripts 0, R, T refer to incident, reflected and
transmitted waves respectively
4> is the scalar potential for the P wave
^ is the vector potential in the X. direction for the SV wave 
c is the ray parameter determined by Snell's law 
a and b are calculated from,
( v  n 55
v p
( v
vs
where the subscripts 1 and 2 refer to the first and second media 
respectively.
If the boundary is located at x^ = 0, the incident wave will travel 
in the + x^ direction, and the reflected wave will travel in the - 
direction. The displacements U^, U 3 in x^ and x^ directions and the 
stresses P ^ 3, P^^ for shear and normal stresses to the boundary can be
obtained from
U
U
P
P
34) dip
1 3x^ 3X3
1 Ü3 OX^ 3x 3
13 y{2 -
324) 32i1
3x ^3x 3 3x ^
X V 2 cp + 4t +33 3x^
ill
3x!
52ijj
3x^  3x^
( 2.5 )
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normal
SV ih
interface
Figure 2.2
Phases generated by reflection and refraction at the 
interface between two media.
cp and i[/ are scalar and vector potential wave functions.
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where U is the shear rigidity and A is Lame's constant of the medium.
Equating the displacements and stresses for both sides of the 
boundaries at x^= 0, leads to the system of linear equations given 
below,
For SV-incidence ( 0 ) :
-1 b l
1 b2 \
IW
bl \
"a2 -1 -a2 1 \ 1
-2V s i ai pivIi<br « -2p2VS2a2 -p2VS2^b2~1 >^
=
pivsi(1-bl>
■pivsi(bi'1) -2plVSlbl P2VS2(b2-1) _2p2VS2b2j aT 1-2plVSlb l /
and for P incidence ( B^= 0 ) :
1 -b l -1 -b2 \ -1 \
- a l -1 "a2 1
l
| Br = - a l
- 2 p lv I l a l P lV S l (bl_1) -2p2VS2a2 -p2VS2(b2-1} a t - 2 p lv Ila l
\ - p iv s i (bi_1) -2 p lV Slb l P2VS2(b2_1) "2p2VS2b2 / i bt | lpivs I(br l)
( 2.7 )
Application of these boundary conditions will show that for normal 
incidence of either SV or P, the generation of P by SV and SV by P are 
restricted, thus SV will have both transmitted and reflected phases as 
SV waves and P will produce only P phases.
Because an incident SH wave has no vertical displacement component, 
equations (2.6) and (2.7) become simpler for the case of SH waves and 
the four linear equations can be reduced to two. In this case the 
displacement function in the x? direction is important, and can be 
written as a function of x^ and x^ ,
= CQ exp(ik(ct-x1+b1x3)) + CR exp(ik(ct-x1 -b^x ))
CT exp(ik(ct-x1+b9x3))
( 2.8 )
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At 0 th e  c o n t i n u i t y  o f  th e  d i s p l a c e m e n t  and th e  s t r e s s  component
P-,0 ( s h e a r  s t r e s s )  g i v e s ,
U<2) .  0 (2)
i „ 3U
b l p l — 1
- 3z
( 2) , 3U<2)
b 2P2 ^  
dZ
( 2 . 9  )
and th e  m a t r i x  o f  l i n e a r  e q u a t i o n s  i s ,
\ i
1 -1 C 1T =
1 P2VS2b 2 P l VS l b l CR
1 PlVl l \
( 2 .1 0  )
i f  C -  1,  C and C are  known as  r e f r a c t i o n  and r e f l e c t i o n
0 T R
c o e f f i c i e n t s .
The p r a c t i c a l  a p p l i c a t i o n  o f  t h e  above e q u a t i o n s  i s  to  c o n s t r u c t  
s y n t h e t i c  se i smograms  and t o  a n t i c i p a t e  t h e  r e l a t i v e  a m p l i t u d e s  o f  
c o n v e r t e d  p h a s e s .  The l a t t e r  i s  v e r y  im p o r ta n t  in  th e  s t u d y  o f  S-wave  
d a t a ,  b e c a u s e  S-waves  c o n v e r t e d  t o  P waves a t  th e  Moho, Conrad or  o t h e r  
c r u s t a l  i n t e r f a c e s  w i l l  be p r e c u r s o r s  p r i o r  t o  th e  main S p h a s e s .  A l s o  
some p ha ses  r e f l e c t e d  a t  th e  E a r t h ' s  s u r f a c e  and t h e  c o r e - m a n t l e  
boundary ( s u c h  as  P p , SP, PS, Pc S >SCP ) , may c o i n c i d e  w i t h  or  p r e c e d e  
th e  main S p h a s e s  i n  some p a r t i c u l a r  d i s t a n c e  r a n g e s .
The b e h a v io u r  o f  th e  c o n v e r t e d  Sp phase  a t  th e  Moho and o t h e r  
c r u s t a l  i n t e r f a c e s  can be t h e o r e t i c a l l y  p r e d i c t e d  by u t i l i z i n g  e q u a t i o n  
( 2 . 6 )  fo r  some a p p r o p r i a t e  c r u s t a l - u p p e r  m a n t l e  m o d e l .  K anasew ich ,  
A l p a s l a n  and Hron ( 1 9 7 3 )  p r e s e n t e d  s y n t h e t i c  se ismo grams  which shows  
th e  Sp phase  f o r  a Canadian c r u s t a l - u p p e r  m a n t l e  m o d e l .  For a 
c r u s t a l - u p p e r  m a n t l e  model  under th e  Warramunga a r r a y ,  M a r sh a l l  e t  a l . 
( 1 9 7 5 )  used s y n t h e t i c  se i smograms  t o  e x p l a i n  two d i s t i n c t  a r r i v a l s  in
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the S-wave train separated by 6 seconds which are observed on events
within the epicentral distance range 30-45 degrees. This Sp, and other
reflected phases such as PrP, SP, PS, PS, S P, are further discussed in ^ c c
Chapter 3.
2.4 T-A Relation for refraction ray.
The time-distance relation for a surface focus source with a 
particular ray parameter p has been given in general form by Bullen
(1963) ,
A ( 2.11a )
T
( 2.11b )
where p
rP
0
T
A
ray parameter or slowness
the radius to the Earth's surface
distance from Earth's centre to the turning point of the 
ray
r/v, and v = velocity at radius r 
travel time 
distance in radians.
It can easily be shown that the slowness p, where
P = dT/dA ( 2.12a )
can be related to the apparent velocity v which is measured by a3.
seismic array using the equation
rn/v 0 aP ( 2.12b )
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where rQ dA/dT .
A (rQ-h,r0) = A - A(r0,r0-h)
For a non-surface focus, equations(2.la, b) are modified to include 
a term which takes into account the surface to focal depth relation,
( 2.13a)
T r^0_h»r0') T T(r0»r0“h) ( 2.13b)
where A(r -h,r ) and T(r -h,r  ^ are the distance and travel time for a 0 0 0 0
ray which has an epicentral depth h. By evaluating the second term in 
the right-hand-side for some available velocity distribution these 
equations can also be used to correct the epicentral distances and 
travel time for non-surface foci. Similarly equations (2.13a) and 
(2.13b) can be used to calculate A and r for a ray segment which 
originates at some depth h ^ and ends at another depth h^.
Another important function derived from the T-A relation is the 
derivative of A with respect to slowness (dA/dp). This function is able 
to give the features of the slowness and travel time behaviour for a 
given velocity distribution, or alternatively, knowing the slowness 
behaviour as a function of distance, both the amplitude behaviour of the 
signal arrival and the shape of the travel time curve can be calculated.
Using Bullen's representation, dA/dp is given by,X„
f  (n* - pV* + V  (U2 - P2 ) ^ dx ( 2.14 )
where X = 2 d(ln r)/d(ln U) and the subscript "0" refers to the Earth's 
surface condition. dA/dp is very sensitive to the velocity variation 
due to changes in velocity gradient, discontinuities and low-velocity 
zones, and Bullen (1963) summarizes how the behaviour of dA/dp due to 
certain velocity distributions is related to the slowness behaviour, 
multiplicity or shadow zones in the travel time curve.
Energy is proportional to the square of wave amplitude. Spreading 
and attenuation in energy are represented by geometrical spreading and
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attenuation factors in amplitude. The energy per unit area arriving at 
the surface from an epicentral distance A is given by (without 
considering scattering and diffraction),
m 0
E(A) “ ----------- (n? tan2e -r|2 sin2e) |d2T/d&2| ( 2.15a)
r2nL sin A 1 U
or in terms of slowness p,
E ( A ) ------- ------  (n? tan2e -r]2 sin2e) ^ |dp/dA| ( 2.15b)
r2n1 sin A U
where the subscript "1" refers to the source condition, 
e = angle of emergence = % tt — i (angle of incidence
I = energy emitted from the source per unit solid angle.
It is shown that the incident energy at a distance A is a function of 
slowness, distance and j dA/dp] . Assuming that Poisson's relation holds 
for the material just below the outer surface, the square of the 
amplitude can be written in terms of horizontal (h) and vertical (v) 
components.
and
where
oC 41 tan2e sec2e tan2f 
nx sinA C2
I dp/dAI
A2 cc -1 -taB2e sec2e J[l+3tan e) jdp/dA| 
r\l sinA C1 C2
2 r 1 2cos f = — cos e
C1 = r^|l ta n 2 e  “ n 0 Sin2e)^
C2 =(4 tan2e tan2f + (1 + 3 tan2e))2
( 2.16a)
( 2.16b)
The proportionality of and A^ to dA/dp suggests a possible
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method o f  u s in g  (dp/dA)  o b t a i n e d  from s low ness  d a t a  t o  d i s t i n g u i s h  
b e tw e en  f i r s t  and l a t e r  a r r i v a l s  by comparing  a m p l i t u d e s  which 
c o r r e s p o n d  to  d i f f e r e n t  b r a n c h e s  o f  t h e  t r a v e l  t im e  c u r v e .  To show how 
t h i s  a n a l y s i s  w orks ,  v e l o c i t y  d i s t r i b u t i o n s  which a r e  commonly found in  
t h e  r e a l  t r a v e l  t im e  c u r v e  a r e  c o n s i d e r e d .  F i g u r e  2 .3  shows (dA/dp)  -  
p ,  p-A and T-A r e l a t i o n s  f o r  a marked i n c r e a s e  i n  v e l o c i t y  g r a d i e n t .  
Suppose p-A d a t a  from a r r a y  m easu rem en ts  a r e  a v a i l a b l e ,  t h e n  a c u r v e  
(dA/dp)  v e r s u s  p can  be c o n s t r u c t e d .  At t h e  v i c i n i t y  o f  B and C which 
a r e  t h e  r e l a t i v e  e x t r e m a  i n  t h e  A-p c u r v e  o r  t h e  z e r o e s  o f  dA/dp,  dp/dA 
w i l l  be  l a r g e  and a c c o r d i n g  to  e q u a t i o n s  ( 2 . 1 6 a , b )  t h e  a m p l i t u d e s  o f  t h e  
c o r r e s p o n d i n g  a r r i v a l s  (which  a r e  c u sps  on t h e  t r a v e l  t im e  c u rv e )  w i l l  
be l a r g e r  t h a n  t h e  p r e c e d i n g  a r r i v a l s  a t  t h e  same d i s t a n c e .  I f  t h e r e  i s  
no c o n t i n u o u s  c u r v e  c o n n e c t i n g  B and C i n  t h e  s low ness  d a t a  such as  i n  
t h e  d i s c o n t i n u i t y  c a s e  ( F i g u r e  2 . 3 ) ,  B and C a r e  no l o n g e r  r e l a t i v e  
e x t r e m a  and w i l l  n o t  g i v e  z e ro  v a l u e s  i n  t h e  (dA/dp)  -  p c u r v e .  The 
a p p e a r a n c e  o f  l a r g e r  a m p l i t u d e s  a t  p o i n t s  c o r r e s p o n d i n g  t o  B and C w i l l  
n o t  be e x p e c t e d  i n  t h e  r e f r a c t e d  p a r t  o f  t h e  r a y .  But i f  t h e  t o t a l l y  
r e f l e c t e d  r a y s  o f  b r a n c h  BC a r e  i n c l u d e d ,  b o t h  c u s p s  B and C w i l l  have  
l a r g e  a m p l i t u d e s  as  i n  t h e  c a s e  o f  F i g u r e  2 .3  b u t  t h e y  a r e  n o t  
a b n o r m a l l y  l a r g e .  However , i n  p r a c t i c a l  c a s e s ,  i t  i s  a lm o s t  i m p o s s i b l e  
t o  d i s t i n g u i s h  t h e  r e t u r n i n g  r a y s  i n  F i g u r e s  2 . 3  and 2 .5  t o  d e t e r m i n e  
w h e th e r  t h e y  a r e  r e f l e c t e d  o r  r e f r a c t e d  r a y s .  For  t h e  c a s e  o f  a s m a l l  
i n c r e a s e  i n  v e l o c i t y  g r a d i e n t ,  as  shown i n  F i g u r e  2 . 4 ,  t h e r e  a r e  no 
e x t r e m a ,  b u t  t h e r e  i s  one i n f l e c t i o n  p o i n t  B which w i l l  have  t h e  
s m a l l e s t  v a l u e  i n  t h e  (dA/dp -  p) c u r v e .  The l a r g e r  a m p l i t u d e s  w i l l  be 
e x p e c t e d  to  o c c u r  a t  t h e  v i c i n i t y  o f  t h e  p o i n t  where t h e  s l o p e  o f  t h e  
t r a v e l  t ime  ( s l o w n e s s )  d e c r e a s e s  n o t i c e a b l y ,  b u t  t h e s e  w i l l  n o t  be as  
marked as i n  t h e  f i r s t  c a s e .  I f  t h e r e  i s  a d i s c o n t i n u i t y  i n  v e l o c i t y  a t  
some d e p t h ,  which i s  accompanied  by a f i n i t e  d e c r e a s e  i n  v e l o c i t y  be low
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(dA/dp)-p, p-A and T-A for some particular velocity distributions
(after Bullen,1963)
Figure 2.3
Large positive velocity gradient.
Figure 2.4
Small positive velocity gradient.
Figure 2.5
Discontinuity in the velocity distribution.
Figure 2.6 
Low velocity zone.
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t h i s  d e p t h ,  t h e r e  w i l l  be a b r e a k  i n  t h e  s low ness  c u rv e  o v e r  some 
d i s t a n c e  r a n g e  ( F i g u r e  2 . 6 )  w i t h  one r e l a t i v e  minimum p o i n t  D where t h e  
r a y  r e t u r n s  t o  a d i v i n g  wave c o n d i t i o n .  The t r a v e l - t i m e  c u rv e  w i l l  have  
a shadow zone c o r r e s p o n d i n g  t o  t h e  jump i n  t h e  s lo w ne ss  c u rv e  and one 
cusp  D w i t h  l a r g e r  a m p l i t u d e s .  Those v a r i o u s  examples  show t h a t  changes  
o r  v a r i a t i o n s  i n  t h e  v e l o c i t y  d i s t r i b u t i o n  ( v e l o c i t y  g r a d i e n t ,  
d i s c o n t i n u i t y ,  and l o w - v e l o c i t y  zone)  can  a f f e c t  t h e  a s s o c i a t e d  
v a r i a t i o n  o f  a m p l i t u d e  and s lo w ne ss  w i th  d i s t a n c e .
Ano ther  i m p o r t a n t  a s p e c t  o f  t h e  v e l o c i t y  d i s t r i b u t i o n  i n  c o n n e c t i o n  
w i t h  t h e  shape  o f  t h e  t r a v e l - t i m e  c u rv e  i s  t h e  v e l o c i t y  g r a d i e n t ,  d v / d r .  
To have  l a t e r  a r r i v a l s  o f  a p a r t i c u l a r  b r a n c h  e x t e n d i n g  ove r  a l a r g e  
d i s t a n c e  r a n g e  r e q u i r e s  a s m a l l  o r  n e g a t i v e  v e l o c i t y  g r a d i e n t  w i th  t h e  
r e s t r i c t i o n  t h a t
dv . v
d r  r  < 2 .1 7  )
A c cord ing  to  S n e l l ’ s l aw ,  t h i s  r e s t r i c t i o n  g u a r a n t e e s  t h a t  any downgoing 
r a y  i n  a n e g a t i v e  g r a d i e n t  r e g i o n  w i l l  c o n t i n u a l l y  t u r n  upward.  Th is  
r u l e ,  t h e r e f o r e ,  can  be used f o r  t h e  t r i a l  and e r r o r  c o n s t r u c t i o n  o f  a 
v e l o c i t y  model  when t h e  d a t a  i n d i c a t e  wide o b s e r v a t i o n  o f  a r r i v a l s  f o r  
t h e  a p p r o p r i a t e  b r a n c h .
CHAPTER 3
PROCESSING METHOD OF WRA DATA
3 . 1  Data p r o c e s s i n g  c o n s i d e r a t i o n s .
The World Wide Sei smograph  Network and o t h e r  s e i s m i c  s t a t i o n s  
p r o v i d e  d a t a  which may and have b een  used fo r  c o n s t r u c t i o n  o f  
t r a v e l - t i m e  c u r v e s .  S lo w n e s s  v a l u e s  may t h e n  be d e r i v e d  which may 
t h e n  be i n v e r t e d  t o  produce an a v e r a g e  Earth s t r u c t u r e .  On th e o t h e r  
hand s e i s m i c  a r r a y s  may be used t o  o b t a i n  d i r e c t  s l o w n e s s  measurements  
so  t h a t  i f  s u f f i c i e n t  e v e n t s  a re  a v a i l a b l e  or  t h e  a r r a y  can be moved,  
t h e  l o c a l  Earth s t r u c t u r e  can be o b t a i n e d  i n  a p a r t i c u l a r  a r e a .
Many e x t e n s i v e  s t u d i e s  u s i n g  t h e  Warramunga S e i s m i c  Array (WRA) d a t a  
have  b een  c a r r i e d  out  ( c . f .  Muirhead 1968 ,  Wright  1970,  King 1974 ,  Ram 
Da tt  19 77,  Clements  1 9 8 0 ) .  These s t u d i e s  i n c l u d e  t h e  enhancement o f  S/N 
by em ploy in g  p r o c e s s i n g  methods  i n  b o th  t h e  t i m e  and f r e q u e n c y  domain  
and t h e  a p p l i c a t i o n  o f  s e v e r a l  methods o f  d i r e c t  s l o w n e s s  c a l c u l a t i o n .  
A l l  t h e s e  p r o c e s s e s  h a v e  t h e i r  a p p l i c a t i o n  and h a v e  produced im p orta n t  
c o n t r i b u t i o n s  t o  t h e  s t u d y  o f  t h e  s t r u c t u r e  o f  t h e  E a r t h ' s  i n t e r i o r .
With an a p e r t u r e  o f  about  22 km, t h e  WRA a r r a y  i s  s m a l l  compared  
w i t h  t h e  d i s t a n c e  b e tw e en  t h e  s o u r c e  and t h e  a r r a y  f o r  a l l  e x c e p t  c l o s e  
e v e n t s .  Most a r r i v a l s  can t h e r e f o r e  be  c o n s i d e r e d  as p la n e  w a v e s ,  which  
i m p l i e s  t h a t  t h e y  sweep t h e  a r r a y  w i t h  a s i n g l e  apparent  v e l o c i t y  and a 
s i n g l e  d i r e c t i o n  ( a z i m u t h ) .
I f  ( x . , y . )  i s  t h e  l o c a t i o n  o f  t h e  j t h  s e n s o r ,  t h e  a r r i v a l  t i m e  
r e l a t i v e  to  t h e  o r i g i n  o f  t h e  c o o r d i n a t e  s y s tem  f o r  a p la n e  wave w i th  
apparent  v e l o c i t y  v  and azimuth  cx i s  ( s e e  F ig u r e  3 . 1 )
c l
— r . c o s ( a  -  0 . )
t .  = - J -------------------J—  ( 3 . 1  )
3 vJ a
where a  and Q.are  measured c l o c k w i s e  from n o r t h ,  t .  i s  a t i m e  d e l a y
.1 3
which may be e i t h e r  p o s i t i v e  or  n e g a t i v e  and i n  terms o f  a monochromatic
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incoming 
plane waves
apparent velocity
sensor
^Tr-o^öj \  j
thre la tive  arriva l time (time-delay) at j  sensor :
-  r . cos(a - 0.)
4-  —  J____'____ J
Figure 3.1
Time delay as a function of ray parameters!azimuth(a), apparent
velocity(v )) and the sensor coordinates, a is measured clock, a
wise from North(N) to the epicentral direction vector.
■f”  h
The radial distance r .  of the j  sensor can be expressed in
J
Cartesian coordinates as :
r . 
J
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p l a n e  wave can  be w r i t t e n  as  a phase  s h i f t  (j). ,  i e .
— 2tt r  . cos  ( a  -  0 .)
A _ .1___________ J ( 3 . 2 a  )
where A i s  t h e  w a v e l e n g t h ,  o r
4)j
r .  . k 
J o
( 3 .2 b  )
where i s  t h e  p r o p a g a t i o n  o r  wave number v e c t o r .  In m u l t i c h a n n e l  
p r o c e s s i n g  t h e  o u t p u t  o f  each  c h a n n e l  i s  f i r s t  d e l a y e d  by t  . which 
a l l o w s  t h e  i n d i v i d u a l  s i g n a l s  t o  be s t a c k e d  in  p h a s e .  To d e t e r m i n e  how 
good t h e  c h o i c e  o f  a p p a r e n t  v e l o c i t y  and az im uth  i s ,  a d i r e c t i v i t y  
r e s p o n s e  i s  i n t r o d u c e d  (Green e t  a l . 1966) .  In  t h e  c a s e  o f  d e l a y  and 
sum p r o c e s s i n g  o f  a monochromat ic  wave,  t h e  d i r e c t i v i t y  r e s p o n s e  G ( f , k )  
f o r  N c h a n n e l s  i s  g i v e n  by
If e x p ( - 2 i r i r . k  ) exp(27Tir .k  ) 6 ( r - r  ) d r  ° JG ( f , k )  = Zj = l-
N _  _
= E e x p ( 2 n i  r . . (k  -  k ) )
j = i  3 °
( 3 . 3  )
I t  i s  shown above t h a t  G ( f , k )  i s  t h e  F o u r i e r  t r a n s f o r m  o f  t h e  N s e n s o r  
p o s i t i o n  m o d i f i e d  by t h e  e f f e c t s  o f  t h e  chosen  a p p a r e n t  v e l o c i t y .  In
- A
g e n e r a l  G ( f , k )  i s  a complex f u n c t i o n  b u t  c o n t a i n s  a main l o b e  w i t h  a 
w id th  p r o p o r t i o n a l  t o  t h e  s i g n a l  w a v e le n g th  and t h e  i n v e r s e  o f  t h e  a r r a y  
d i m e n s i o n s .  The d e l a y  and sum p r o c e s s  w i l l  g i v e  a maximum S/N i f  a l l  
s e n s o r s  have  i d e n t i c a l  s i g n a l  waveforms and i n c o h e r e n t  G a u s s ia n  n o i s e .  
In  t h i s  c a s e  t h e  n o i s e  power i s  u n i f o r m l y  d i s t r i b u t e d  o v e r  k - s p a c e ,  o r  
i n  o t h e r  words t h e  n o i s e  i s  u n c o r r e l a t e d .  I f  t h e  n o i s e  be tw een  s e n s o r s  
i s  c o r r e l a t e d ,  t h e  d e l a y  and sum w i l l  no l o n g e r  p r o v id e  a maximum S/N.  
For p a r t i a l l y  c o r r e l a t e d  n o i s e  one s im p le  way o f  f u r t h e r  improv ing  t h e  
S/N r a t i o  i s  t o  a p p l y  a w e i g h t i n g  f a c t o r  h j  t o  each  s e n s o r  o u t p u t .  The 
d i r e c t i v i t y  r e s p o n s e  t h e n  becomes
N _
G ( f , k )  = I  h .  exp(2i Ti  r . . ( k  -  k ))  
j = l  J J O
( 3 . 4  )
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The weighting factors are calculated by minimizing the variance of the 
unbiased estimate of the signal,
where Z(n) is the array output and X(n) is the output of each sensor, 
with the constraint that
to preserve the amplitude of the signal. The problem becomes a 
non-linear optimization which can be solved by Lagrange 's method. Both 
this procedure and simple delay and summing are degenerate cases of the 
maximum-likelihood process (Green et al. 1966).
In the case of a polychromatic signal, multichannel filtering can be 
introduced in the beam-forming process. This filtering process is 
applied on each channel before forming a summed output. Some examples 
of multichannel filtering have been described by Kanasewich (1973), such 
as
. Low pass, high pass and band pass frequency filtering, which can 
improve the overall S/N ratio by attenuating those frequencies where 
the S/N ratio is small.
. Wiener filtering, which minimizes the difference between the output 
and the desired signal by using a least-squares deconvolution 
technique.
. Maximum-likelihood processing, which provides a minimum variance 
unbiased estimate of the signal.
. Maximum-entropy processing, which provides a recursive prediction
N
Z(n) E h. X.(n)
j = l 3 3 ( 3.5 )
N
E h. = 1 ( 3.6 )
error filter.
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B i r t i l l  and Whiteway ( 1 9 6 5 ) ,  who s t u d i e d  t h e  r e s p o n s e  o f  l i n e a r  
c r o s s  a r r a y s  i n  d e t a i l ,  p o i n t e d  ou t  t h a t  one o f  t h e  c r o s s  a r r a y  
d e f i c i e n c i e s  was t h a t  n o i s e  o r  unwanted s i g n a l s  which p r o p a g a t e d  a t  
r i g h t  a n g l e s  t o  one o f  t h e  a r r a y  arms would be c o h e r e n t  a c r o s s  t h a t  arm 
and t h i s  c o h e r e n c e  would be i n d e p e n d e n t  o f  t h e  v e l o c i t y .  They s u g g e s t e d  
t h a t  t h e  b e s t  method o f  r e d u c i n g  t h i s  t y p e  o f  n o i s e  i s  to  sum th e  
o u t p u t s  o f  each  l i n e  i n  phase  and t h e n  m u l t i p l y  and a v e ra g e  to  form a 
t i m e - a v e r a g e d  p r o d u c t  (TAP) ove r  t h e  l e n g t h  o f  t h e  s i g n a l .
To o b t a i n  an a c c u r a t e  e s t i m a t e  o f  t h e  s i g n a l  a r r i v a l  a t  each  s e n s o r ,  
C l e a r y  e t  a l . (1968)  used a v i s u a l  m a tc h in g  t e c h n i q u e  to  o b t a i n  r e l a t i v e  
o n s e t s  and f i t t e d  t h e s e  t o  an unknown p l a n e  wave a r r i v a l  u s in g  
l e a s t - s q u a r e s .  Th is  method p ro v id e d  an a c c u r a c y  o f  t h e  o r d e r  o f  0 .01  
second  i n  p i c k i n g  r e l a t i v e  o n s e t  t im e s  f o r  good S/N. King e t  a l . 
( 1 9 7 3 ) ,  f o l l o w i n g  Gangi  and F a i r b o r n  ( 1 9 6 8 ) ,  au tom a ted  t h i s  p r o c e s s  by 
u s i n g  an a d a p t i v e  p r o c e s s i n g  m ethod .  The j t h  c h a n n e l ,  f o r  i n s t a n c e ,  i s  
a d a p te d  as  c l o s e l y  as  p o s s i b l e  t o  i t s  c o r r e c t  d e l a y  by  c o r r e l a t i n g  i t s  
s i g n a l  o u t p u t  w i th  t h o s e  from o t h e r  c h a n n e l s  i n  t h e  a r r a y  beam. A new 
computed d e l a y  i s  c a l c u l a t e d  by l e a s t - s q u a r e s  e r r o r  c r i t e r i a  a p p l i e d  to  
t h i s  j t h  c h a n n e l  and i t  i s  t h e n  pu t  b a c k  i n t o  t h e  beam and t h e  
c o r r e s p o n d i n g  d e l a y  s t o r e d .  Th is  p r o c e s s  i s  r e p e a t e d  s e v e r a l  t im e s  f o r  
a l l  c h a n n e l s  u n t i l  t h e  d i f f e r e n c e  be tw een  two s u c c e s s i v e  computed d e l a y s  
r e a c h e s  some a s s i g n e d  a c c u r a c y .
Both t h e  a b o ve -m en t ioned  manual  and a u t o m a t i c  methods  o f  p i c k i n g  
r e l a t i v e  o n s e t  t im e s  p roduce  a c c u r a t e  az im u th  and s low ness  m easu rem en ts  
when t h e  s i g n a l  i s  a c l e a r  f i r s t  a r r i v a l .  I t s  u s e f u l n e s s  d e t e r i o r a t e s  
r a p i d l y  and becomes worse t h a n  c o r r e l a t i o n  t e c h n i q u e s  when t h e  s i g n a l  
unde r  s t u d y  i s  b u r i e d  i n  t h e  background  n o i s e  on a s i n g l e  c h a n n e l , o r  
a l t e r n a t i v e l y  i s  b u r i e d  in  t h e  coda o f  p r e c e d i n g  a r r i v a l s .
3 .2  Accuracy  o f  m ea s u rem e n t .
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B i r t i l l  and Whiteway (1965)  have  s t u d i e d  the  c o r r e l a t o r  r e s p o n s e  o f  
L -shaped  a r r a y s  as  w e l l  as  o t h e r  a r r a y  c o n f i g u r a t i o n s  i n  d e t a i l  . T h e i r  
r e s u l t s  show t h a t  t h e  a c c u r a c y  o f  az im uth  and a p p a r e n t  v e l o c i t y  
d e t e r m i n a t i o n  o f  any incoming  s i g n a l  depends  p a r t l y  upon t h e  s h a r p n e s s  
o f  t h e  az im uth  o r  v e l o c i t y  r e s p o n s e .  The a r r a y  r e s p o n s e  becomes s h a r p e r  
as  D/A i s  i n c r e a s e d ,  where A i s  t h e  a p p a r e n t  w a ve leng th  o f  t h e  incoming 
s i g n a l  and D i s  t h e  a r r a y  d i m e n s io n .  These two p a r a m e t e r s  a r e  
i n t e r r e l a t e d  and so t h e  v e l o c i t y  r e s p o n s e  i s  d e p e n d en t  on an a c c u r a t e  
knowledge o f  t h e  a z i m u t h .  I f  t h e  az im uth  i s  unknown i t  may be n e c e s s a r y  
t o  c a r r y  ou t  a v e l o c i t y  s e a r c h  a t  a number o f  az im u th s  w i t h i n  t h e  
e s t i m a t e d  r a n g e .  The a p p a r e n t  v e l o c i t y  ( o r  s lo w n e s s )  o f  a s i g n a l  
component  can  t h e n  be d e t e r m i n e d  from t h a t  v a l u e  which c o r r e s p o n d s  t o  
maximum c o r r e l a t o r  o r  sum -squa red  o u t p u t  a t  a g i v e n  t i m e .
P r o v i d i n g  t h e  s i g n a l  r e m a in s  c o h e r e n t  t h e  a r r a y  r e s o l u t i o n  w i l l  
i n c r e a s e  as  D/A i s  i n c r e a s e d ,  a s  a l a r g e r  a r r a y  w i l l  p r o v i d e  b e t t e r  
a c c u r a c y  t h a n  a s m a l l  one and a s h o r t e r  w a v e len g th  s i g n a l  can  be  
m easu red  more a c c u r a t e l y  t h a n  a l o n g e r  o n e .  Using t h e  above r e s u l t  t h e  
r a t i o  o f  t h e  a r r a y  r e s p o n s e  f o r  n o i s e  f r e e  P-  and S-wave a r r i v a l s  from 
t h e  same e v e n t  w i l l  be
For P-  and S-wave t h e  o b s e rv e d  dominant  f r e q u e n c y  r a n g e s  a r e  1-2 cps and 
0 . 2 5 —1 .0  cps r e s p e c t i v e l y  and Vp/Vs i s  abou t  1 . 7 8 .  Taking  t h e  mean
f  p f  c
f r e q u e n c i e s  f o r  S and P, - ~ 1 .7  which i n d i c a t e s  t h a t  m easu rem en ts
t s vp
o f  P—wave p a r a m e t e r s  can  be  ac co m p l i s h e d  somewhat more a c c u r a t e l y  t h a n  
t h o s e  f o r  S - w a v e s .
By a p p l y i n g  K e l l y ' s  f o rm u la e  ( K e l l y ,  1964), Wright  (1970)  d e t e r m i n e d  
t h a t  t h e  maximum p r e c i s i o n  i n  s l o w n e s s ,  f o r  WRA, o c c u r s  f o r  waves which 
i n t e r s e c t  t h e  "RED" l i n e  a t  an a n g l e  o f  a bou t  135°,  i e . t h e  l i n e
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joining the farthest sensor locations on the two arms of the array (Ram 
Datt, 1977, see Figure 1.2). Besides the geometric shape of the array, 
the accuracy of measurement for digital data also depends on the time 
interval between successive samples. It can be shown that the accuracy 
of slowness determination is a function of array size, sampling interval
and the apparent velocity itself.
Ap Av v sa a , „ .
where p jV^ , s} D are slowness, apparent velocity, sampling interval and 
size of the array respectively, the "delta" indicating error or 
deviation.
For WRA, D is about 22 km and s is equal to 0.04 or 0.05 seconds, so 
that the deviation is
A p = s/D = 0.2 sec/deg
This figure provides an approximate upper limit to the accuracy with 
which slowness measurements can be made, since slowness increments 
smaller than this will not change the values of the delays inserted to 
phase the array. This level of accuracy is not a problem, because as 
will be shown, the scatter of individual slowness measurements is 
considerably greater than this.
The background and signal-generated noise also play an important 
role in determining the accuracy of measurement. Muirhead (1968) 
studied the background noise structure at WRA and showed that at periods 
longer than one second the background noise level rose rapidly and 
reached a peak at a period of about 6 seconds. Because of the 
difference in dominant periods, this noise spectrum interferes more with 
the S waves than with P. In addition the S wave arrives in the P wave 
coda. King (1974) has studied the P wave coda at WRA and has shown that
19
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i t  may c o n t a i n  p a r t i a l l y  c o h e r e n t  e n e r g y  i n  t h e  form o f  s i g n a l - g e n e r a t e d  
s u r f a c e  waves which t r a v e r s e  t h e  a r r a y  w i th  an a p p a r e n t  v e l o c i t y  o f  
a bou t  4 . 5  km/sec ( o r  s lo w n e ss  o f  abou t  24 .7  s e c / d e g ) .  E x p e r im e n ta l  
e v id e n c e  has  shown t h a t  t h i s  p a r t i a l l y  c o h e r e n t  n o i s e  can  b i a s  s low ness  
m e a s u r e m e n t s ,  p a r t i c u l a r l y  f o r  weak S-wave a r r i v a l s  when t h e  m easured  
s lo w ne ss  v a l u e  becomes h i g h e r  t h a n  e x p e c t e d .  An example o f  t h i s  i s  
shown i n  F i g u r e  3 . 2  where weak f i r s t  a r r i v a l s  o f  t h e  650-km b r a n c h  have  
been  a n a l y s e d .  For h i g h e r  S/N r a t i o s  t h e  m easu rem en ts  a r e  c o n s i s t e n t  
w i t h  r e l a t i v e l y  sm a l l  s c a t t e r .  However , f o r  sm al l  S/N r a t i o s  t h e  
s c a t t e r  becomes g r e a t e r  w i t h  a h i g h e r  a v e r a g e  v a l u e .
3 .3  N t h - r o o t  t e c h n i q u e .
A n o n - l i n e a r  p r o c e s s i n g  t e c h n i q u e  c a l l e d  N t h - r o o t  p r o c e s s i n g  was 
i n i t i a t e d  by  Muirhead (1968)  and l a t e r  i n v e s t i g a t e d  more f u l l y  by 
Kanasewich ,  Hemmings, A l p a s l a n  (1973)  and Muirhead and Ram D a t t  ( 1 9 7 6 ) .  
Th is  method was i n t r o d u c e d  to  p r o v i d e  a new method o f  r e d u c i n g  t h e  
e f f e c t s  o f  n o n - G a u s s i a n  n o i s e  which i s  p r e s e n t  i n  t h e  coda i m m e d ia te ly  
f o l l o w i n g  t h e  f i r s t  a r r i v a l .  A f t e r  a l l  t h e  c h a n n e l s  have  been  p h a s e d ,  
t h e  N t h - r o o t  o f  t h e  wave t r a i n  m a g n i tu d e s  o f  each  c h a n n e l  a r e  t a k e n ,  
f o l l o w e d  by a summing and a v e r a g i n g  p r o c e s s .  The summed o u t p u t
m a g n i tu d e s  a r e  t h e n  r a i s e d  t o  t h e  Nth power b e f o r e  forming t h e  TAP. 
Even though  t h e r e  i s  n o n - l i n e a r  d i s t o r t i o n  i n  t h e  s i g n a l  wave s h a p e s ,  
t h i s  t e c h n i q u e  i s  a pow er fu l  method o f  e n h a n c in g  t h e  S/N, e s p e c i a l l y  f o r  
a r r i v a l  i d e n t i f i c a t i o n  p u r p o s e s .  Muirhead and Ram D a t t  (1976)  showed 
t h e  method worked w e l l  i n  t h e  p r e s e n c e  o f  n o n - G a u s s i a n  n o i s e  and was 
o n l y  m a r g i n a l l y  worse  t h a n  s t r a i g h t  c o r r e l a t i o n  when t h e  n o i s e  was 
G a u s s i a n .
M a t h e m a t i c a l l y  t h e  N t h - r o o t  t e c h n i q u e  can  be w r i t t e n  as  f o l l o w s ,
I f  f . .  i s  t h e  i t h  sample o f  t h e  o u t p u t  o f  s e n s o r  j ,  t h e  s t e p s  o f  t h e
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process are,
1. Take the Nth-root of the amplitude of the phase wave train
1/N
'Nij ij signum(f..)ij ( 3.8 )
2. Determine the average of f ^ .. for all sensors in the array
f. —  I f  
M j=i NiJ'Ni M  . . Nii ( 3.9 )
where M is number of sensors.
3. Form the Nth-root-sum by raising f^. to the Nth power
/\. it iN signum(fNi) ( 3.10 )Ni 1 N i 1
4. The "Time Average Product (TAP)" is formed from the two partial Nth 
root sums by the relation
TAP fNi(RED) * fNi (BLUE)
and the average partial TAP over an s sample window is
TAP si Ik=i-s
TAP, ( 3.11 )
Muirhead and Ram Datt (1976) determined experimentally that the best 
value of N (positive integer) for processing WRA data was 4 and this 
value has been used in this study. It appears to be an appropriate 
value for enhancing the S/N without excessive distortion of the signal 
wave shape. The distortion due to rhis Nth-root technique is not 
necessarily a failing of the technique, but in fact it has advantages. 
Muirhead and Ram Datt (1976) showed that in the absence of noise this 
Nth-root process did not affect the signal and it was passed 
undistorted. They also showed that as the noise level increased the 
signal output was decreased. This means that those portions of the 
signal where the S/N level are high are emphasized, which eases the 
restrictions on both the window length and its position when TAPs are 
formed to determine slowness measurements. This phenomenon is 
illustrated in Figure 3.3 (a through e) which shows that wavelets
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t  hFigure 3.3b 4 - root-sum output.
Signals are resolved by phasing the array using di f ferent  
slowness values.  The unsmoothed traces show that  the wave 
t rain  contains at  l eas t  three signals with di f ferent  
apparent ve loc i t ies .  These di f ferent  phases can also be 
resolved on the smoothed traces which look more l ike the 
original records.
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Figure 3.3c TAP ( Time Average Product ) output for N = 4.
In this figure of N^-root TAP traceSj different arrivals 
such as those marked x and x 1 and y and y 1 can be separated 
because they peak at different slowness values. It is also 
possible to separate them in a slowness search even i f  the 
window covers both signals at once. For example the slowness 
analysis of the energy in the two 1-second windows marked 
1 and Z  are shown in Figures 3.3d and 3.3e.
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12.00
SLOWNESS -  SEC/DEG
Figure 3.3d TAP value as a function of slowness fo r  window posi t ion 1 
in Figure 3.3c. The corresponding c l c\'ness values for  
phases x and x' are 13.25 and 16,25 cec/deg.
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•  10
12 14 16 18
slowness , sec/deg
Figure 3.3e TAP value as a function of slowness for window position 
1 in Figure 3.3c. The corresponding slowness values for 
phases y and y' are 14.00 and 17.75 sec/deg.
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c o n t a i n i n g  n o i s e  a r e  c o n v e r t e d  i n t o  a s e r i e s  o f  na r row  s h a r p  impulse  
t r a i n s  c e n t r e d  a t  t h e  p o s i t i o n s  o f  maximum a m p l i t u d e  o r  maximum S/N 
r a t i o .  ( T h i s  s p i k y  wave t r a i n  may n o t  a p p e a r  a e s t h e t i c a l l y  p l e a s i n g  to  
one used to  l o o k i n g  a t  se ismograms b u t  i t  can be made to  l o o k  more l i k e  
t h e  o r i g i n a l  s i g n a l  by smoo th ing  as  shown i n  F i g u r e  3 .3b )
The a d v a n ta g e  o f  em p h a s i z in g  p o r t i o n s  o f  t h e  r e c o r d s  w i th  l a r g e  S/N 
r a t i o s  e x t e n d s  t o  s i g n a l s  t h a t  a r e  n o t  c o r r e c t l y  p h a s e d ,  w i th  t h e  r e s u l t  
t h a t  t h e  TAP becomes s h a r p e r  as  a f u n c t i o n  o f  s lo w ne ss  o r  a p p a r e n t  
v e l o c i t y .  C o n s e q u e n t l y ,  t h e  two u n r e s o l v e d  a r r i v a l  s i g n a l s  w i th  
d i f f e r e n t  a p p a r e n t  v e l o c i t i e s  can  be b e t t e r  i d e n t i f i e d  by a p p ly i n g  t h e  
a p p r o p r i a t e  v e l o c i t y  when a n a l y s i n g  each  p h a s e .
Th is  d i s t o r t i o n  i s  a l s o  s e n s i t i v e  t o  s i g n a l  d i r e c t i o n  ( a z i m u t h ) ,  and 
so to  o b t a i n  a TAP o u t p u t  which i s  c l o s e  t o  t h e  maximum a c l o s e  
a p p r o x i m a t i o n  to  t h e  c o r r e c t  az im uth  i s  r e q u i r e d .  P r e v i o u s  s t u d i e s  
u s i n g  WRA d a t a  ( e . g .  Ram D a t t , 1977) have  d e t e r m i n e d  t h a t  t h e  s i g n a l  
d i r e c t i o n  d e t e r m i n e d  u s i n g  e i t h e r  PDE o r  ISC s o u r c e  d a t a  i s  c l o s e  enough 
t o  t h e  c o r r e c t  d i r e c t i o n  when o n l y  s lo w n e ss  v a l u e s  a r e  r e q u i r e d .
3 .4  P r o c e s s i n g  sequence  o f  WRA r e c o r d s .
WRA d a t a  used i n  t h i s  s t u d y  i s  a v a i l a b l e  i n  two f o r m a t s .  The f i r s t  
i s  a n a lo g u e  d a t a  which have  been  r e c o r d e d  on FM m a g n e t i c  t a p e s  as  
c o n t i n u o u s  r e c o r d s .  These t a p e s  c o n t a i n  t h e  o u t p u t s  from t h e  20 
v e r t i c a l  s e i s m o m e te r s  o n l y  and were r e c o r d e d  b e f o r e  t h e  i n s t a l l a t i o n  o f  
t h e  h o r i z o n t a l  i n s t r u m e n t s .  The second a r e  a u t o m a t i c a l l y - e d i t e d  d i g i t a l  
r e c o r d s  which a r e  s t o r e d  on IBM-compatib le  9 - t r a c k  t a p e s .  I n c l u d i n g  
t im in g  i n f o r m a t i o n ,  t h e s e  d i g i t a l  t a p e s  c o n t a i n  t h e  2 0 - c h a n n e l  v e r t i c a l  
components  and t h e  5 c h a n n e l s  o f  S-N and E-W h o r i z o n t a l  componen ts .  
M ain ly  b e c a u s e  o f  t h e  much l a r g e r  d a t a  b a s e ,  most  o f  t h e  e v e n t s  used  in  
t h i s  s t u d y  have  been  o b t a i n e d  from th e  FM m a g n e t i c  t a p e s .  However,  a
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s e l e c t i o n  o f  e v e n t s  r e c o r d e d  w i th  t h e  t h r e e -c o m p o n e n t  i n s t r u m e n t s  have 
been  a n a ly z e d  to  e n s u r e  t h a t  a l l  o f  t h e  d a t a  has  been  i n t e r p r e t e d  
c o r r e c t l y .
The c hosen  e v e n t s  have  been  r e t r i e v e d  u s in g  an a n a lo g  p l a y b a c k  
sy s tem  f o r  t h e  FM t a p e s  and a s p e c i a l  p l o t t i n g  program f o r  t h e  d i g i t a l  
d a t a .  They have  t h e n  been  p r o c e s s e d  by t h e  f o l l o w i n g  s e q u e n c e ,
1. D i g i t i z i n g  ( f o r  t h e  a n a lo g  d a t a  o n l y )  and r e f o r m a t t i n g .
2. Beam forming u s i n g  t h e  N t h - r o o t  t e c h n i q u e .
3. A r r i v a l  i d e n t i f i c a t i o n .
3 . 4 . 1  D i g i t i z i n g  and r e f o r m a t t i n g .
A f t e r  t h e  chosen  e v e n t  h a s  be e n  l o c a t e d  u s i n g  t h e  a n a lo g  p l a y b a c k  
s y s t e m ,  t h e  FM m a g n e t i c  t a p e  i s  backed  up t o  a p o s i t i o n  abou t  20-30 
se co n d s  b e f o r e  t h e  f i r s t  P phase  commences.  The e v e n t  i s  t h e n  d i g i t i z e d  
u s i n g  a 1 2 - b i t  A-to-D c o n v e r t e r  and s t o r e d  on a t e m p o r a r y  d i s k  f i l e .  
About 500—600 seconds  o f  t h e  e v e n t  i s  n o r m a l l y  d i g i t i z e d  t o  c o v e r  b o t h  P 
and S a r r i v a l s .  To d e t e r m i n e  t h e  q u a l i t y  o f  a r e c o r d , t h e  f i r s t  30 
seconds  o r  so o f  d i g i t i z e d  d a t a  i s  p l o t t e d  ou t  as  s i n g l e - c h a n n e l  r e c o r d s  
on a Calcomp p l o t t e r .  Th is  p l o t  a l l o w s  a v i s u a l  i n s p e c t i o n  t o  d e t e r m i n e  
which s e i s m o m e te r s  a r e  n o t  working  c o r r e c t l y ,  and t h e s e  can  be masked 
o f f  i n  t h e  r e f o r m a t t i n g  s t a g e .  B e fo re  r e f o r m a t t i n g ,  t h e  s o u rc e  
p a r a m e t e r s ,  e g .  d a t a  s o u r c e  (PDE, ISC) ,  l a t i t u d e ,  l o n g i t u d e ,  o r i g i n  
t i m e ,  f o c a l  d e p t h ,  m a g n i tu d e  and bad c h a n n e l  i n d i c a t o r s  a r e  typed  in  t o  
a h e a d e r  r e c o r d  programme which computes  t h e  e x p e c t e d  P and S a r r i v a l  
t im e s  b a s ed  on t h e  J-B t r a v e l - t i m e  c u r v e .  Th is  i n f o r m a t i o n  can  be used 
t o  s e l e c t  which p a r t  o f  t h e  d i g i t i z e d  e v e n t  and what  l e n g t h  w i l l  be 
s t o r e d  i n  t h e  r e f o r m a t t e d  fo rm.  Each r e f o r m a t t e d  e v e n t  i s  a u t o m a t i c a l l y  
i d e n t i f i e d  w i th  t h e  d i g i t a l  t a p e  number and t h e  number o f  t h e  e v e n t  ( o r  
f i l e )  on t h e  r e f o r m a t t e d  d i g i t a l  t a p e ,  and t h i s  i n f o r m a t i o n  i s  p r i n t e d
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out  f o r  l a t e r  r e t r i e v a l  p u r p o s e s .  A b l o c k  d iag ram  o f  t h e  
d i g i t i z i n g - r e f o r m a t t i n g  sys tem i s  shown i n  F i g u r e  3 . 4 .
3 . 4 . 2  Beam-forming p r o c e s s  u s in g  t h e  N t h - r o o t  t e c h n i q u e .
The beam-fo rming  p r o c e s s  i s  t h e  main s l o w n e s s - s e a r c h i n g  a l g o r i t h m .  
The s lo w n e ss  r a n g e  f o r  t h i s  pu rp o se  i s  s e t  be tw een  2 s e c / d e g  be low and 2 
s e c / d e g  above t h e  e s t i m a t e d  s low ness  v a l u e s  g i v e n  by t h e  J-B t a b l e s ,  
w i th  an i n c r e m e n t  v a l u e  o f  0 . 1 ,  0 .125  o r  0 . 1 5  s e c / d e g ,  which i s  i n  t h e  
o r d e r  o f  a c c u r a c y  t h a t  can  be o b t a i n e d  u s in g  e q u a t i o n  ( 3 . 7 ) .  Using 
t h e s e  s lo w n e ss  v a l u e s ,  t h e  d e l a y  t i m e s  a r e  c a l c u l a t e d  f o r  each  c h a n n e l  
by a p p l y i n g  e q u a t i o n  ( 3 . 1 ) ,  c o n v e r t e d  i n t o  t h e  number o f  samples  
( rounde d  to  t h e  n e a r e s t  sample )  and s u b t r a c t e d  from or  added t o  t h e  
c o r r e s p o n d i n g  c h a n n e l  d e l a y .
The N t h - r o o t  t e c h n i q u e  w i th  N=4 i s  t h e n  e x e c u t e d ,  fo rm ing  an o v e r a l l  
N t h - r o o t - s u m  and TAP be tw een  t h e  two s e n s o r  g r o u p s .  The a v e r a g e  p a r t i a l  
TAP v a l u e s  a r e  c a l c u l a t e d  f o r  each  segment  o f  o n e - s e c o n d  window l e n g t h .  
The s lo w n e ss  v a l u e  c o r r e s p o n d i n g  to  t h e  maximum a v e r a g e  p a r t i a l  TAP f o r  
a p a r t i c u l a r  window p o s i t i o n  i s  r e c o r d e d  as  a m easu red  s lo w n e ss  v a l u e .
A 4 0 - s e c o n d ,  60 -second  o r  8 0 - se c o n d  r e c o r d  l e n g t h  c o n t a i n i n g  t h e  
d e s i r e d  s i g n a l s  i s  t a k e n  from t h e  r e f o r m a t t e d  d a t a  and i s  p r o c e s s e d  
f o l l o w i n g  t h e  s t e p s  o u t l i n e d  above .  The 4 0 - se c o n d  r e c o r d  l e n g t h  i s  used 
f o r  e v e n t s  beyond 30 d e g r e e s ,  w h i l e  t h e  60 -  o r  80 - se c o n d  l e n g t h  i s  used  
f o r  e v e n t s  i n  t h e  c l o s e r  d i s t a n c e  r a n g e s  o r  i s  used to  t r a c e  l a t e r  
a r r i v a l s  f o r  a p a r t i c u l a r  b r a n c h  o f  t h e  t r a v e l - t i m e  c u r v e .
A o n e - s e c o n d  window l e n g t h  a p p e a r s  to  be  s u f f i c i e n t  t o  c o v e r  an 
i n t e r e s t i n g  peak o r  t h e  o n s e t  o f  a p a r t i c u l a r  s i g n a l  a r r i v a l ,  b e c a u s e  
most  o f  t h e  S p h a s e s  measured  i n  t h i s  s t u d y  ha v e  h a l f  p e r i o d s  o f  abou t  
one s e c o n d .  In  o r d e r  t o  o p t i m i z e  m easured  s lo w n e ss  v a l u e s ,  t h e  p o s i t i o n  
o f  t h e  window can  be moved by any number o f  s a m p l e s .  Th is  f a c i l i t y
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a l l o w s  t h e  measurement  o f  two c l o s e l y  spaced  s i g n a l s  by p l a c i n g  th e  
window so t h a t  i n t e r f e r e n c e  i s  m i n i m i s e d .
The o u t p u t s  o f  t h e  s lo w n e s s - m e a s u r i n g  programme a r e  3 o r  4 p l o t s  and 
a p r i n t o u t  o f  TAP v a l u e s  a t  each  window p o s i t i o n  f o r  each  s low ness  
v a l u e .  The s low ne ss  v a l u e s  a r e  a l s o  s t o r e d  on a d i s c  f i l e  f o r  a u to m a t i c  
s e l e c t i o n  o f  TAP maximum and th e  c o r r e s p o n d i n g  s low ness  v a l u e .  Three o r  
f o u r  t y p e s  o f  p l o t s  can  be d i s p l a y e d  f o r  s e l e c t e d  s low ness  v a l u e s ,  t h e  
f i r s t  t y p e  i s  t h e  l i n e a r  sum p l o t ,  t h e  second i s  t h e  N th - r o o t - s u m  or  t h e
TAP (N=l)  p l o t  and t h e  t h i r d  i s  t h e  TAP (N=4) p l o t .  By c o n s u l t i n g  th e
p l o t s ,  t h e  TAP v a l u e s  i n  c o n j u n c t i o n  w i t h  t h e  p r i n t o u t  o f  any chosen
window p o s i t i o n  e n s u r e  t h a t  t h e  s lo w ne ss  measurement  i s  l i k e l y  t o  be 
f r e e  o f  a l l  t e c h n i c a l  e r r o r s  i n  t h i s  method as  m en t ione d  in  s e c t i o n  3 . 2 .
F i g u r e  3 .5  shows an example o f  o u t p u t s  o f  t h e  beamforming p r o c e s s .  
F i g u r e  3 . 5  ( a  t h ro u g h  c )  c o n t a i n s  p l o t s  o f  t h e  l i n e a r  sum, t h e  
N t h - r o o t - s u m  and t h e  TAP (N=4) t r a c e s .  F i g u r e s  3 .5  (d t h ro u g h  e)  a r e  
p l o t s  o f  a v e r a g e  p a r t i a l  TAP v a l u e s  as  f u n c t i o n s  o f  s e a r c h i n g  s lo w ness  
v a l u e s  f o r  s e v e r a l  window p o s i t i o n s .
3 . 4 . 3  A r r i v a l  i d e n t i f i c a t i o n .
Because o f  n o i s e  from t h e  P-wave coda  and p o s s i b l e  p r e c u r s o r s ,  t h e  
f i r s t  a r r i v a l  o f  t h e  S - w a v e t r a i n  i s  n o t  a lways  e a s y  t o  i d e n t i f y .  
B e s id e s  exam in in g  t h e  h o r i z o n t a l  component  d a t a ,  a gu ided  
t r i a l - a n d - e r r o r  method i s  used  to  i d e n t i f y  a l l  S p h a s e s  and
s i m u l t a n e o u s l y  c o n s t r u c t  a t r a v e l - t i m e  c u r v e .  S e v e r a l  a rguments  a r e  
used t o  d e v e lo p  t h e  p r o c e d u r e  o f  t h i s  t r i a l  and e r r o r  a p p r o a c h ,  t h e s e  
a r e ,
1. I f  t h e  P-wave d a t a  shows some f e a t u r e  i n  t h e  t r a v e l - t i m e  o r  s lo w ness  
d a t a ,  does  t h i s  same f e a t u r e  e x i s t  i n  t h e  s h e a r  wave d a t a ?
2. The f e a t u r e  o f  s e v e r a l  c o n s e c u t i v e  a r r i v a l s  on one t r a c e  a t  a 
p a r t i c u l a r  d i s t a n c e  must  be i n  ag reemen t  w i t h  t h o s e  shown by e v e n t s
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"t hFigure 3.5b 4 -root-sum output phased to the slowness values in
Figure 3.5a.
The four arrival qrouns A,B,C and D are more distinctively 
resolved.
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Figure 3.5c TAP (N = 4) output phased to the slowness values given in Figure 3.5a.
Here it can be seen that A and B may contain more than 
one signal . ^  is a phase slower than B1 and B2
have almost the same slowness.
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11.00
- 1.00
12.00
SLOWNESS SEC/DEG
Figure 3.5d TAP value of one-second window as a function of
slowness, fo r  a window which contains the signal A.. 
The measured slowness of A] corresponds to the 
maximum TAP shown in the f igure i . e .  15.9 sec/deg 
( 6.99 km/sec ).
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Figure 3.5e TAP value as a function of slowness for a window
positioned over the signal B, . The measured slowness 
of Bj is 13.9 sec/deq ( 8.0kn/sec ).
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at nearby distances.
3. Except as otherwise indicated by possible multiplicity on the 
travel-time curve, or alternatively the record is noisy, slowness 
values of arrivals on the same branch must agree within the error of 
measurement.
4. Due to possible errors in source parameters (location and origin 
time given by the PDE or ISC), minor errors in the travel-time have 
not been considered when constructing composite record sections. In 
other words, the origin time has been allowed to vary by a few 
seconds in order to match up corresponding arrivals.
Using these 4 constraints, the procedure of identification of arrivals
can be described as follows,
1. Using the J-B table for S-waves, the slowness of the first arrival 
is estimated and the extended distance calculated. This calculation 
is discussed in section 3.5.1.
2. Using the measured slowness values produced by the TAP outputs and a 
gross shear-wave travel-time curve, the following steps have been 
followed, starting at the largest distance (in this case about 48 
degrees) where the travel-time curve is less complicated and working 
backwards,
a) Draw a straight line representing a first-arrival branch of the 
travel-time curve with almost constant slowness values on graph 
paper, which has its distance scale on its horizontal axis. The 
slowness value of this line is initially taken as the measured 
values of slowness of events at the larger distance range but can be 
changed so that the gross S-wave travel time curve is not violated. 
This reasoning is consistent with the fact that slowness values 
measured by the array may be offset by structure under the array.
b) Write down the measured slowness values for the corresponding
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o n s e t  s i g n a l s  on t h e  l i n e a r  sum o u t p u t  t r a c e .
c )  P l a c e  t h e  t r a c e  on t h e  g rap h  pa pe r  a t  t h e  c o r r e c t  e x te n d e d  
d i s t a n c e  and f i t  t h e  i n t e r p r e t e d  f i r s t  o n s e t  t o  t h e  e s t i m a t e d  f i r s t  
a r r i v a l  b r a n c h .
d)  Care must  be t a k e n  w i t h  l a t e r  a r r i v a l  s l o w n e s s e s .  They must  
f o l l o w  o t h e r  d i f f e r e n t  s t r a i g h t  l i n e s  o r  c u r v e s .
e)  M u l t i p l i c i t y  o f  t h e  t r a v e l - t i m e  i s  i n d i c a t e d  by t h e  c o n v e rg e n c e  
o f  f i r s t  and i n t e r m e d i a t e  l a t e r  a r r i v a l s  t o  form an i n t e r s e c t i o n .  
In  t h i s  c a s e ,  a second s t r a i g h t  l i n e  i s  drawn by r e f e r r i n g  to  t h e  
t r e n d  shown by t h e  l a t e r  a r r i v a l s .  O f t e n ,  t h i s  second s t r a i g h t  l i n e  
i s  n o t  e a s i l y  drawn due t o  p o s s i b l y  more t h a n  one m u l t i p l i c i t y  found 
i n  t h e  s h o r t  d i s t a n c e  r a n g e  o r  u n c e r t a i n t y  o f  t h e  d i s t a n c e  o f  t h e  
c r o s s  o v e r  p o i n t  ( i n t e r s e c t i o n  p o i n t ) .
3. Con t inue  t h e  s t e p s  d e s c r i b e d  i n  (2 )  u n t i l  a l l  a v a i l a b l e  o u t p u t  
t r a c e s  cove r  a l l  c o r r e s p o n d i n g  d i s t a n c e s ,  a d j u s t i n g  t h e  s t r a i g h t  
l i n e s  o r  t r a c e  p o s i t i o n s  as  n e c e s s a r y  t o  f i t  b o t h  t h e  g r o s s  t r a v e l  
t im e  c u r v e  and t o  o b t a i n  a b e t t e r  matched  c o n f i g u r a t i o n .
4 .  A f t e r  t h e  f i n a l  m atched  c o n f i g u r a t i o n  h a s  be e n  m e t ,  a l l  s low ness  
v a l u e s  a r e  r e c o r d e d  as  t h e  m easu red  s lo w ne ss  v a l u e s  f o r  t h e i r  
c o r r e s p o n d i n g  t r a v e l - t i m e  b r a n c h e s ,  e i t h e r  f i r s t  o r  l a t e r  a r r i v a l s .  
F u r t h e r m o r e ,  t h e  shape  o f  t h e  f i r s t - a r r i v a l  t r a v e l - t i m e  i s  a l s o  
o b t a i n e d .
The pha ses  i d e n t i f i e d  by t h i s  p r o c e d u r e  must  a l l  be  i d e n t i f i e d  as  S 
p h a s e s .  Th is  r e q u i r e s  t h a t  o t h e r  p h a s e s  which o c c u r  i n  t h e  S - w a v e t r a i n  
must  be a l s o  i d e n t i f i e d ,  e s p e c i a l l y  t h e  ones  which can d i s t u r b  t h e  f i r s t  
S a r r i v a l  as  a p r e c u r s o r  o r  a p p e a r  im m e d i a t e l y  a f t e r  t h e  f i r s t  S o n s e t .
S - t o - P  c o n v e r s i o n s  (Sp)  a t  t h e  Moho w i l l  be p r e c u r s o r s  t o  t h e  S 
a r r i v a l  and ,  as  w i l l  be  shown,  i t  i s  d i f f i c u l t  t o  d i s t i n g u i s h  them u s i n g  
o n l y  v e r t i c a l  component  d a t a .  The Sp c o n v e r t e d  phase  i s  n o t  e x p e c t e d  to
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be g e n e r a t e d  a t  sm a l l  d i s t a n c e s  b u t  may be o b s e rv e d  a t  d i s t a n c e s  g r e a t e r  
t h a n  23 d e g r e e s  due to  r e f r a c t i o n  from a low S v e l o c i t y  t o  a h i g h e r  P
v e l o c i t y  where t h e c o n v e r t e d Sp h a s a w ide r  r e f r a c t i o n  a n g le
(K a n a se w ic h ,  A l p a s l a n  and H ron , 1973) . For s m a l l e r  d i s t a n c e s  t h e
o b s e r v a t i o n  o f  t h e  Sp c o n v e r t e d phase i s r e s t r i c t e d  by c r i t i c a l
r e f l e c t i o n  c r i t e r i a  ( s e e Cha p te r  2) . The use o f  h o r i z o n t a l - c o m p o n e n t
d a t a  h e l p s  t o  r e s o l v e  and to  s e p a r a t e  t h e  Sp phase  from t h e  S s i g n a l ,  
b e c a u s e  i t  a r r i v e s  a t  t h e  a r r a y  as  a c o m p r e s s i o n a l  wave. The 
m i s i d e n t i f i c a t i o n  o f  t h e  Sp phase  as  one o f  t h e  S p h a s e s  w i l l  c o n fu s e  
t h e  c o n s t r u c t i o n  o f  t r a v e l - t i m e  c u r v e s  and o t h e r  i n t e r p r e t a t i o n s  
r e l a t i n g  to  t h e  S-wave s lo w ne ss  d a t a .  F o r t u n a t e l y ,  Sp i s  n o t  o b s e rv e d  
i n  t h i s  s t u d y .  Many good e v e n t s  have  been  examined by p l o t t i n g  t h e i r  
t h r e e - c o m p o n e n t  l i n e a r  sum and r a d i a l  v e r t i c a l  t r a c e s  and t h e y  do n o t  
show any s t r o n g  e v id e n c e  o f  Sp p r e c e d i n g  S. Th is  e x a m i n a t i o n  p r o c e d u r e  
i s  d i s c u s s e d  i n  s e c t i o n  3 . 4 . 4 .
The a b s e n c e  o f  Sp may be ca u se d  by t h e  Moho b e i n g  a v e l o c i t y  
g r a d i e n t  c o v e r i n g  a d e p th  o f  s e v e r a l  k i l o m e t r e s  r a t h e r  t h a n  b e i n g  s h a r p .  
Sp p h a s e s  were i n t e r p r e t e d  from WRA d a t a  u s i n g  o n l y  v e r t i c a l - c o m p o n e n t  
d a t a  by  M a r s h a l l  e t  aT.  (1975)  and B a r l e y  ( 1 9 7 7 ) ,  a l t h o u g h  t h e r e  i s -now .  
s e r i o u s  d oub t  as  t o  w h e th e r  t h e s e  a r e  i n  f a c t  Sp o r  may be one o f  t h e  
S-wave b r a n c h e s .
PcP,  which i s  t h e  r e f l e c t e d  P phase  from t h e  c o r e  m a n t l e  b o u n d a r y ,  
w i l l  a p p e a r  i n  t h e  S - w a v e t r a i n  f o r  e v e n t s  a t  c e r t a i n  d i s t a n c e s  ( a b o u t  
21 .5  d e g r e e s  a c c o r d i n g  to  t h e  J-B t r a v e l - t i m e  t a b l e  f o r  a s u r f a c e  focus  
e v e n t ) .  Th is  phase  i s  n o t  d i f f i c u l t  t o  i d e n t i f y  b e c a u s e  n o t  o n l y  h a s  i t  
a P-wave p o l a r i z a t i o n  b u t  i t  h a s  a c o n s i d e r a b l y  d i f f e r e n t  s lo w n e ss  from 
t h e  S p h a s e s .  PcS and ScP, which  have  a lm o s t  t h e  same s lo w n e ss  as  each  
o t h e r  i n t e r f e r e  w i th  t h e  S-wave t r a i n  a t  a d i s t a n c e  o f  abou t  42 d e g r e e s .  
Tnese p h a s e s  have  sm a l l  s lo w n e ss  v a l u e s  o f  a bou t  4 . 0  s e c / d e g .  so t h e y
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too can be easily differentiated from the S phases if either one or both 
appear in the S-wavetrain.
According to the J-B tables, surface-focus SP and PS phases will 
appear in the S-wave train at distances beyond 40 degrees with slowness 
values which are almost identical with the S phase. For areas having an 
appreciable crustal thickness the J-B tables are incorrect as to the 
minimum distance at which SP is observed. This aspect is discussed in 
section 5.3. The phase SP can be identified by its particle motion 
because, like the phase Sp, it will arrive at the receiver as a 
compressional wave. On the other hand PS, which arrives as an SV wave, 
is more difficult to identify. This problem is not difficult to 
overcome because PS is very sensitive to focal depth. If deeper events 
are used these phases will arrive so far along the S-wavetrain that it 
can be ignored.
A small computer program using geometrical ray-tracing theory has 
been developed to calculate the travel-times of PcS, ScP, SP, PS and S 
to see where they will arrive in the S wavetrain at a particular 
distance.
3.4.4 Horizontal-component data.
The five sets of horizontal component instruments which were added 
to the array in 1978 allow a 3—component analysis of the signal to be 
carried out. If the quality of the data from the horizontal-component 
outputs is sufficiently good, a linear stacking process can be performed 
to produce 3—component linear sum traces. The two horizontal components 
(N-S and E-W) are first transformed into radial and transverse 
components following the transformation method described in Chapter 2, 
after which the radial and transverse phase sums are formed. The phased 
sums of the three orthogonal components can then be used to prepare
.3
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Observed (a-c) and modelled (d-f) S wave seismograms 
showing double arrivals. The later arrivals on the 
observed seismograms are interpreted as true S waves 
and the preceding arrivals as S to P conversions at 
the Moho beneath the receiver. The modelled seismograms 
include no effects of layering in the source region; 
all the arrivals are generated from a single S wave 
arrival at the base of the receiver crust. Note that 
the PcS wave for earthquakes at the depth and distance 
illustrated in c (P wave reflected from the core as an 
S wave) arrives just before the S-P arrival, 
a: November 2,1972. Loyalty Islands; origin time 19h 
35 min.22.1 s; m =6.3; A= 32.40; h= 32km. b: October 
26, 1972. New Hebrides Islands; origin time 22h 48min.
34.4s ; m = 5.4; A=31.9; h=157km. c: March 9, 1971. 
South of the Fiji Islands; origin time 08h llmin. 52.8s 
; m =5.0; A=42.4; h=511km. d: tf =3.5; e: tf =1.3;
- f: t* =0.7 . ( After Marshall et al 1975, figure 1 )
Figure 3.7 Three events recorded at WRA which were
interpreted to have Sp phases by Marshall 
et al (1975).
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particle motion diagrams or RZ (Radial times Vertical) plots. With 
positive values in the verticals taken as upward motion and for the 
radials as positive outwards from the event, the usefulness of the RZ 
plots is demonstrated in Figure 3.6. The P-wave arrival produces 
positive RZ values, and the S onset produces negative RZ values. This 
figure also demonstrates how the phase SP can be identified by its 
positive RZ values.
Marshall et al . (1975), using WRA vertical-component data, observed 
two phases about 6 seconds apart in the S-wavetrain and interpreted them 
as a strong Sp phase which preceded S for events from the New Hebrides, 
the Loyalty Islands and from the Fiji Islands (see figure 3.7). As is 
shown from Figure 3.6 their interpretation can be checked using 
3-component data.
Events from the New Hebrides Islands, the Santa Cruz Islands, Fiji 
Islands and Kermadec Islands are available for analysis, but 
unfortunately no strong events have been recorded from the Loyalty 
Islands.
Figure 3.8 shows an event from New Hebrides. and Sj are the
wavelets that were interpreted to be Sp and S phases by Marshall et al. 
(see Figure 3.7, trace b). In turn, the RZ values of S^  are negative 
which indicates that S-^ is not a P phase because it has an S-wave 
polarization. The positive RZ values of Sj determine that this phase 
is a P phase. In fact, it is interpreted to be the surface-reflected 
phase SP. The TAP output of the Nth-root process using the vertical 
component data gives slowness values for S^  and S| of 15.5 sec/deg and 
15.7 sec/deg respectively. Ray tracing calculations indicates that Sj 
is consistent with an SP phase and that the point of surface reflection 
and conversion from S to P occurred about 1.5 degrees (- 160 km) from 
WRA. Further investigation, using local upper mantle and crustal models
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Figure 3.8
S-wave records of event LHF031.
S, has negative RZ values, and so it is interpreted to be an 
S-phase. S-j is interpreted to be the associated SP phase of S^. 
and S£ are another S-phase and its corresponding SP.
Sg is an unindentified phase. Two small arrivals Sp? and x? 
may be S to P converted phase or simply noise.
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(Hales and Rynn, 1978, Hales et al 1980a) shows that the strong SP
phase is the phase SP P, ie. the P-wave generated at the surface which 
travels down and is reflected from the Moho before arriving at WRA. As 
a consequence of this phenomenon, one can deduce that any S body-wave 
arrival (either first or later arrivals) will have a corresponding SP 
arrival, provided the P and S velocity distributions in the crust permit 
this conversion. (The reflected P has the same slowness as the incident 
S.) It follows that the arrival in Figure 3.8 can be interpreted as
an SP phase generated by the later arrival S^  (S phase). S^  and S^  
have greater time separations than S^  and Sj . This is a consequence of 
its lower slowness value (14.9 sec/deg) when compared with the slowness 
value of the phase S^. The diagramatic illustration for this phenomenon 
can be seen in Figure 3.9. The reason for interpreting later arrivals 
with positive RZ values as SP phases is based on two premises. Firstly, 
as has already been mentioned, ray tracing calculations have been 
carried out to estimate the distance partitions of P and S paths for a 
particular slowness value using the Central Australian P-wave CAP8 
model. The difference in the travel-times of S and SP phases can then 
be used to check the difference between the S and suspected SP phase 
shown on the trace. For example, the event shown in Figure 3.8 has a 
slowness for S ^ of 15.5 sec/deg which gives a calculated SP - S 
travel-time of 6.4 seconds. This can be compared with, and is in good 
agreement with, the observed differential travel-time of about 6.6 
seconds. The discrepancy of 0.2 seconds is well within the
uncertainties both of reading the arrival times and of the crustal 
structure near WRA. The second reason for identifying the phase in 
question as SP is that the measured slowness values are very similar to 
the corresponding S arrivals, which strongly suggests that the phases
are related to each other.
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Figure 3.10 shows an event from the same area as the event in Figure 
3.7a but with a slightly smaller epicentral distance, and Figure 3.11 is 
an event from the Santa Cruz Islands. Both of these events show the 
appearance of SP phase and indicate that the first strong arrival S is 
not an Sp phase as concluded by Marshall et al. (1975). If Sp exists at 
this distance, then because it must arrive earlier than the small 
energy arrivals marked Sp? and X? (see Figure 3.8) can be the only 
candidates. The levels of these signals are so small, however, that it 
is difficult to determine that they are not noise. The event from Fiji 
Islands in Figure 3.6 can be compared directly with the third event of 
Marshall et al. (1975) (Figure 3.7) and shows that there is no strongly 
converted SP phase preceding the first S arrival in Figure 3.7 trace c. 
This comparison provides convincing evidence that the phase Marshall et 
al. picked as Sp is in fact S and the one which they picked as S is in 
fact SP. Similar evidence is shown in Figure 3.12 by an event from the 
same region but with a focal depth of 592 km. Both of these events, 
which have a clear S onset, show no evidence of a P-wave precursor which 
would indicate S-to-P conversion at the Moho. This suggests that the 
Moho in the vicinity of WRA is not a sharp transition, but rather, is. 
spread out over a depth interval of several kilometres. This conclusion 
is in agreement with the analysis of a crustal study in the vicinity of 
WRA where a transition region going from a velocity of 7.4 km/sec at 45 
kms depth to 8.26 km/sec at a depth of 53 km has been inferred (D. 
Finlayson, pers.comm.).
Figures 3.13 to 3.16 are events from the Flores Sea, Philippines and 
Taiwan regions, the regions where most of the data used in this study 
have originated. All figures show how easy it is to determine the first 
onset time of the S-wavetrain by the use of the RZ plots. Furthermore, 
except for Figure 3.15, all of the figures show S and SP features. What
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Figure 3.10
S-wave records of event LHF024 from the New Hebrides region, 
the same area as the f i r s t  event in Figure 3.7. The RZ trace 
clearly shows the arriva l of SP energy.
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Figure 3.12
S-wave records of event LHF033 from the F i j i  islands region 
showing clear SP arr ivals.
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Figure 3.14
S-wave records of event LIL502 from the Philippine 
islands region .
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Figure 3.15
S-wave records of  event LTL503 from the Luzon inland region. 
No SP a r r iva ls  are evident.
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is not seen is any indication of an Sp precursor. For events at 
distances less than 23 degrees, the determination of the first S onset 
time will be discussed in Chapters 4 and 5.
3.5 Slowness corrections.
Some corrections must be applied to the measured slowness 
determinations to obtain more representative values of dT/dA versus 
distance. The requirement for these corrections exists because of 
different focal depths, the Earth’s ellipticity and local structure 
under the array. The focal depth correction arises because rays from 
deep events at a certain distance follow the same path and thus have the 
same slowness value as those from shallow events at a greater distance. 
The procedure adopted in this thesis for providing a common base is to 
project rays from deeper events to a surface focus and thus obtain an 
extended distance. For events at the larger distance ranges ( > 30°) 
this procedure results in small differential errors for different 
branches of the travel-time curve. For smaller distances the 
differential errors can be significant and must be taken into account 
when comparing composite record sections. The distance correction is 
calculated from the integral equation of A (eqs. 2.11, 2.13) using some 
applicable velocity distribution for the crust and the upper part of the 
upper mantle. Because no complete S-wave velocity model is available 
for the northern Australian region, the P-wave model of Hales et al. 
(1980a) has been adopted with some correction. In a recent paper, Hales 
and Muirhead (1980) produced a figure of 1.785 as the travel-time ratio
between S ana P (T /Tp) at distances less than 10°. This ratio appears 
to be in good agreement with the Vp/V^ ratio shown by upper mantle 
minerals such as olivine, pyroxene and garnet. A small computer program 
is used to calculate these corrections using focal depth and slowness 
value as inputs.
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The Earth's ellipticity correction has not been applied because the 
error from this source has been determined to be within the order of 
uncertainty of the measurement procedure (Wright, 1970).
Having determined that structure under WRA was too significant to be 
ignored, Cleary et al. (1968) suggested that a calibration technique be 
used for a particular azimuth with observations at distances from which 
dT/dA values are accurately known, and then to apply this calibration to 
arrivals from the same azimuth but different distances. Even though a 
simple dipping interface model is not entirely appropriate, the method 
of calculating the correction for such a model, given by Niazi (1966), 
is very useful. Zengeni (1970) supplied a more explicit form for the 
slowness correction,
corrected
( n sin(f2 - a*)
dA sin(^ - a )observed
( 3.12)
where a and a' are the computed and observed azimuths respectively and ^ 
is the azimuth of the normal to the tilted interface. This equation 
appears to be independent of the dip, angle of incidence and velocity 
contrast, but actually they are included in the determination of a and
Using Niazi's method, Wright et al. (1974) performed calculations 
for events from different azimuths and came to the conclusion that the 
structure beneath the array was very complex, although a general dipping 
interface toward the south-west was proposed.
In a recent paper Havskov and Kanasewich (1978) presented a new 
method for determining the dip and strike of the Moho discontinuity (if 
the interface is a dipping plane) by using both direct and converted 
body wave phases. They studied P and Ps phases and used horizontal 
components to differentiate between them. The change of differential 
slowness and differential azimuth between the converted Ps and
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transmitted P-waves as a function of slowness (P-wave), azimuth, 
velocity contrast, strike and dip can be calculated and tabulated by 
applying their simple algorithm. Some P and Ps data are plotted as a 
function of azimuth. The dip is then found from the amplitude of the 
differential slowness curve by consulting the tables and the strike is 
found from the crossover point. Their method cannot be used in this 
study due to the difficulties in finding events showing either Ps or Sp 
phases.
Another solution to the problem of structure under an array is to 
use events which are located in a narrow azimuth range because the 
seismic rays travel approximately the same path when arriving at the 
array. According to Zengeni's equation the ratio between observed and 
corrected slowness should be almost constant, and the measured slowness 
is less likely to be perturbed in an unknown manner by local structure 
(Ram Datt and Muirhead, 1976).
The best way of obtaining the corrected values is to use a long line 
of instruments and obtain first-arrival slowness values from this line. 
This has been done for P-waves in Australia (Hales et al.1980a, Muirhead 
and Hales, 1980) but is more difficult for S because S-waves are usually 
not clear on the output of a single instrument. The method proposed is 
to apply the slowness data for P (obtained from the long line estimates) 
and differential S and P travel-times from the array data.
The Nth-root technique and horizontal component data provide good 
determinations of onset times of the P and S phases, and hence the 
differential S and P travel-times on the records can be accurately 
determined. The main uncertainties that exist are in calculating the 
extended travel-time correction due to errors in the source parameters. 
To minimize this error, only strong events with shallow depth and large 
epicentral distances (>23°) are used. The estimating procedure is based
83
on t h e  f o l l o w i n g  r e l a t i o n .
Suppose Tg_pis  t h e  d i f f e r e n c e  be tw een  t h e  a r r i v a l  t im e s  o f  S and P f o r  
a s u r f a c e  focus  s o u r c e ,  t h e n
TS-P ( 3.13 )
The d e r i v a t i v e  w i th  r e s p e c t  t o  d i s t a n c e . ,  i s  a s im p le  r e l a t i o n  o f  
s lo w n e ss  d i f f e r e n c e s ,
dTS-P
dA
=  d T s  
dA
dTP
dA
= ps -  pp ( 3.14 )
T h e r e f o r e , i f  t h e a b s o l u t e s low ness v a l u e o f  t h e P-wave i s known
a c c u r a t e l y from long-- r a n g e  i n s t r u m e n t  d a t a  and (VV asa f u n c t i o n  o f
d i s t a n c e  can  be o b t a i n e d  f o r  a p a r t i c u l a r  b r a n c h  u s i n g  a r r a y  d a t a ,  t h e n  
t h e  s l o p e  dT/dA can  be  d e t e r m i n e d .  The s lo w ne ss  v a l u e  o f  t h e  S phase  
can  t h e n  be i n d i r e c t l y  e s t i m a t e d  u s i n g  t h e  r e l a t i o n ,
3 .5  S e l e c t i o n  o f  e v e n t s .
The l o c a t i o n  o f  t h e  WRA s e i s m i c  a r r a y  i s  s t r a t e g i c a l l y  p l a c e d  to  
m o n i t o r  e a r t h q u a k e s  from s u r r o u n d i n g  s e i s m i c a l l y  a c t i v e  a r e a s .  Three 
m a jo r  e a r t h q u a k e  r e g i o n s  r e s u l t i n g  from t h e  c o l l i s i o n  p r o c e s s  o f  t h e  
E u r a s i a n  I n d o - A u s t r a l i a n  and P a c i f i c  p l a t e s  a r e  a d j a c e n t  t o  i t .  The 
f i r s t  two r e g i o n s  a r e  l o c a t e d  i n  n a r r o w  a z im u th a l  d i r e c t i o n s  w i th  
r e s p e c t  t o  t h e  a r r a y ,  t h e  Banda S e a - H a l m a h e r a - P h i l i p p i n e s - T a i w a n  r e g i o n  
(Reg ion  I )  and t h e  Sunda Arc r e g i o n  (Reg io n  I I ) .  The t h i r d  r e g i o n  
c o v e r s  t h e  a r e a  from Halmahera t h ro u g h  t h e  n o r t h e r n  p a r t s  o f  I r i a n  Ja ya  
and around t o  t h e  F i j i  I s l a n d s .  F i g u r e  1.1  ( s e e  C h a p te r  1) shows t h e  
l o c a t i o n s  o f  t h e  WRA a r r a y  w i t h  r e s p e c t  t o  t h o s e  e a r t h q u a k e  a r e a s .  
F i g u r e s  3 .17  to  3 .19  show t h e  map o f  e p i c e n t r e  l o c a t i o n s  used  in  t h i s
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study and their depths.
The advantage of having two narrow azimuthal directions is that it 
enables us to analyse both regions separately and then to compare 
whether the different directions give different results . From these 
regions about 280 events have been selected, over 220 from Region I, 
within an azimuth range of (341+8) degrees and covering the epicentral 
distance range of 13 to 46 degrees, and over 60 from Region II, within 
an azimuth range of (298+8) degrees and covering the epicentral distance 
range of 17 to 50 degrees. Several events from Region III have also 
been selected to determine whether the features shown by events from the 
first two regions are also shown in different azimuth directions.
For the purpose of studying the 200 km discontinuity, about 6 
events from the Western Australian region, which have a wide azimuth 
range of 245 to 300 degrees and cover a distance range of 6 to 18 
degrees, have also been selected. The lists of all events used in this 
study are tabulated in Chapters 4 and 5.
CHAPTER 4
TRAVEL TIME AND SLOWNESS DATA
A seismic array has two advantages over a single seismograph. 
Firstly, because of the noise-reducing and beam-forming capabilities, 
later phases can be more easily identified. Secondly, estimates can be 
made of the slowness values of first and of later arrivals. If first 
arrivals only are considered, their arrival times can be read directly 
from the records and, after some necessary corrections are applied, an 
average travel-time curve can be fitted through these data points. The 
first-arrival slowness values provide means of inferring the behaviour 
of the travel-time curve in more detail. Possible breaks in the slope 
of the travel-time curve can be determined, and then later arrival data 
can be used in further analysis to determine whether the breaks are in 
fact real.
Errors in source data given by either the PDE or the ISC bulletin, 
particularly in the depth and origin time parameters, can produce errors 
of seconds or more in the calculated travel-times from the source to the 
receiver. If the source is ray-projected to the surface for obtaining 
surface focus data, these source errors will also affect the calculated 
extended distance and the extended travel-time. To overcome this 
problem some necessary adjustments in the travel-time and extended 
distance calculations can be performed, as have been discussed in 3.4.3.
Both the average travel-time curve and the measured slowness values 
provide information about the shape of the travel-time curve, and by 
combining them a detailed travel-time curve can be constructed and the 
Earth's seismic velocity structure can be correspondingly modelled.
4.1 Average travel-time curve.
To minimize errors in the average travel-time curve only some of 
the selected events have been used. These are (where data is available)
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shallow events of less than 100 km depth. If shallow events are not 
available within some particular distance range, then deeper events have 
been used. This depth (100 km) has been chosen because of the
reliability of any adopted velocity model down to this depth, i.e. the 
extended travel times produced by any model will not differ
significantly from one to another. To extend the distance, the 
surface-focus corrections calculated using geometrical rays, and using 
an S model derived from the Central Australian P-wave model (see 3.5), 
have been applied. The travel times, corrected to a surface focus, can 
be obtained from the relation,
Ts(c°r) = Tg(read) + A T(ext) ( 4.1 )
where Tg (cor) is the observed travel-time,
Tg (read) is the travel-time obtained by subtracting the origin 
time (PDE/ISC) from the arrival time shown on the S-wave records,
AT (ext) is the travel-time correction due to an epicentral 
distance extension to a surface focus.
Figure 4.1 shows composite plots of observed values (o), the 6th
degree polynomial as the least-square estimate of observed values (----)
and the J-B travel-time (--). It is clear that the observed values are
generally earlier than the J-B curve by 4 to 6 seconds. This is not 
unexpected because the WRA P-wave data (Ram Datt, 1977) is also earlier 
by 2-3.5 seconds than the J-B values. In the distance range 12 to 48 
degrees the observations are sufficiently well fitted using least square* 
methods by the following 6th order polynomial,
Tg - 815.225 - 176.192 A + 19.4696 A2- 0.939093 A3+ 0.0237313 A4
- 0.000304103 A5 + 0.00000156056 A6
( A.2 )
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Figure  4.1 Average t r a v e l - t i m e  curve  c o n s t r u c t e d  us ing  d a t a  from 
Regions I ,  II  and I I I .
94
where is the travel-time in seconds and A is the extended distance in 
degrees. A higher polynomial does not give any significant increase in 
the correlation coefficient and any significant decrease in the mean 
square deviation. Events from Region I (noted by LIL...) are used for 
distances below 45 degrees. To extend the analysis up to 49 degrees, 
some events from Region II (noted by LHJ...) and Region III (noted by 
LHF...) have been used. All events used are listed in table 4.1.
At distances less than 23 degrees the rays travel through the down 
going slab beneath the Banda Sea region. Therefore, in analysing the 
discrepancy between the J-B estimates and the observed values or their 
least-square curves only observational data beyond 23 degrees are used. 
To estimate an S-wave travel-time residual with respect to the J-B 
model, Ram Datt's P-wave model is used. The smoothed polynomial 
function of his P-wave model is given by,
Tp = -146.7829 + 37.69691 A - 1.230123A2 + 0.02319454A3
-0.0001647501 A4 ( 4<3 )
where Tp is in seconds and A is in degrees.
The residual values of this P travel-time with respect to the J-B
values are then multiplied by 1.785 to give estimated values of the S
residuals. An 8th order polynomial is requred to fit these residuals
and gives the equation below.
&T' = 325.315 + 78.7507 A - 7.76985 A2 + 0.379361 A3 - 0.00839295 A4 
- 0.00000237510 A5 + 0.00000391855 A6 - 0.0000000716098 A7 
+ 0.000000000417252 A8 ( 4 -4 >
for 23 ^ A ^ 49°, with a correlation coefficient of 0.947. Secondly,
using values obtained from equation (4.4) the J-B estimate of the S-wave 
travel-time for WRA can be evaluated by applying the simple relation.
TS(JB) = t s (j b) + A T s ( 4,5 }
A
where t s q B) is the J-B estimate of S-wave travel time for WRA,
TS(JB) is the J-B’s S-wave travel time and
Table 4.1
L is t of events used in constructing average travel time curve.
EVENT EXT.DISTANCE
CORRECTED 
OBSERVED TIME SMOOTHED TIME
NO. DEG. Ts , SEC. TJ , SEC.
L IL  056 1 2 .9 2 0 0 0 3 2 5 .7 0 0 0 0 3 2 2 .5 2 4 3 7
367 1 3 .2 1 0 0 0 3 2 4 .4 8 0 0 0 3 2 9 .0 8 1 1 1
114 1 4 .2 4 0 0 0 3 5 4 .4 9 0 0 0 3 5 3 .3 2 4 9 7
085 1 3 .7 5 0 0 0 3 3 8 .7 0 0 0 0 3 4 1 .6 3 4 3 9
456 1 4 .3 3 0 0 0 3 5 9 .6 0 0 0 0 3 5 5 .4 9 5 7 8
104 1 4 .2 0 0 0 0 3 5 7 .5 2 0 0 0 3 5 2 .3 6 2 2 5
426 1 4 .6 0 0 0 0 3 6 0 .2 9 0 0 0 3 6 2 .0 4 2 7 9
125 1 4 .3 2 0 0 0 3 5 6 .1 0 0 0 0 3 5 5 .2 5 4 2 7
419 1 4 .3 9 0 0 0 3 6 0 .9 0 0 0 0 3 5 6 .9 4 6 3 9
103 1 4 .5 9 0 0 0 3 5 5 .6 0 0 0 0 3 6 1 .7 9 9 4 3
424 1 5 .7 3 0 0 0 3 3 7 .2 0 0 0 0 3 9 0 .9 9 8 9 9
451 1 4 .4 5 0 0 0 3 5 7 .7 0 0 0 0 3 5 8 .3 9 9 5 7
138 1 7 .1 2 0 0 0 4 2 4 .6 1 0 0 0 4 2 3 .7 7 2 2 9
429 1 4 .3 3 0 0 0 3 5 8 .1 1 0 0 0 3 5 5 .4 9 5 7 8
433 1 4 .2 2 0 0 0 3 5 5 .4 0 0 0 0 3 5 2 .8 4 3 4 5
439 1 4 .0 7 0 0 0 3 4 2 .6 0 0 0 0 3 4 9 .2 4 2 9 2
447 1 4 .1 7 0 0 0 3 5 5 .2 0 0 0 0 3 5 1 .6 4 1 0 9
205 1 6 .9 9 0 0 0 4 1 8 .0 1 0 0 0 4 2 0 .6 2 3 6 9
112 1 7 .5 0 0 0 0 4 2 9 .3 5 0 0 0 4 3 2 .9 1 9 3 9
155 1 7 .7 5 0 0 0 4 3 1 .6 1 0 0 0 4 3 8 .8 8 7 1 6
074 1 9 .0 7 0 0 0 4 7 2 .4 1 0 0 0 4 6 9 .5 7 8 9 8
050 1 8 .5 8 0 0 0 4 6 2 .4 1 0 0 0 4 5 8 .3 5 9 1 4
427 1 9 .1 6 0 0 0 4 7 3 .6 1 0 0 0 4 7 1 .6 1 5 7 3
321 1 9 .9 0 0 0 0 4 8 3 .6 3 0 0 0 4 8 8 .0 6 5 3 5
249 1 9 .5 9 0 0 0 4 8 1 .7 5 0 0 0 4 8 1 .2 3 9 9 0
398 1 9 .6 4 0 0 0  . 4 3 5 .2 1 0 0 0 4 8 2 .3 4 7 3 1
399 1 9 .8 1 0 0 0 4 8 9 .3 1 0 0 0 4 3 6 .0 9 3 9 7
400 1 9 .9 4 0 0 0 4 9 1 .2 1 0 0 0 4 8 8 .9 3 9 6 3
413 2 0 .4 1 0 0 0 4 9 7 .6 3 0 0 0 4 9 9 .0 8 5 5 0
331 2 0 .5 1 0 0 0 5 0 6 .6 5 0 0 0 5 0 1 .2 1 5 2 2
315 2 0 .0 7 0 0 0 4 9 7 .1 5 0 0 0 4 9 1 .7 6 8 3 1
435 2 0 .2 0 0 0 0 4 3 7 .4 5 0 0 0 4 9 4 .5 7 9 9 2
322 2 1 .6 0 0 0 0 5 2 1 .5 0 0 0 0 5 2 3 .7 6 7 0 5
024 2 2 .1 1 0 0 0 5 3 4 .1 9 0 0 0 5 3 3 .9 0 7 1 5
384 2 2 .1 9 0 0 0 5 3 0 .5 3 0 0 0 5 3 5 .4 7 4 4 9
089 2 2 .4 5 0 0 0 5 4 0 .5 5 0 0 0 5 4 0 .5 2 5 5 5
194 2 2 .6 1 0 0 0 5 4 5 .2 5 0 0 0 5 4 3 .6 0 1 7 6
028 2 2 .2 8 0 0 0 5 3 1 .9 5 0 0 0 5 3 7 .2 3 0 3 1
184 2 2 .3 6 0 0 0 5 3 7 .8 3 0 0 0 5 3 8 .7 8 4 4 7
328 2 2 .5 3 0 0 0 5 4 6 .6 2 0 0 0 5 4 2 .0 6 6 6 9
080
261
235
212
012
359
320
450
124
059
362
373
330
343
244
343
353
355
030
363
319
128
063
223
325
208
119
005
187
198
057
035
103
110
134
142
121
167
073
120
209
238
259
217
222
285
153
327
326
318
386
395
223
310
246
260
96
22.51000 544.79000 541.68198
22.70000 545.00000 545.32152
22.79000 546.58000 547.03371
22.62000 542.68000 543.79322
23.04000 550.68000 551.75059
22.87000 552.39000 543.54934
23.27000 559.33000 556.04016
22.08000 529.94000 533.31778
- 24.73000 578.49000 532.23464
29.50000 654.62000 659.25693
26.08000 602.97000 605.03879
28.98000 648.10000 651.23389
26.67000 613.67000 614.74652
26.02000 599.30000 604.09648
23.27000 557.59000 556.04016
29.62000 662.97000 661.10256
28.36000 641.50000 641.59901
28.87000 650.92000 649.53057
24.62000 578.94000 580.31901
23.92000 570.55000 567.91456
24.15000 572.61000 572.03236
24.84000 586.07000 584.14158
29.16000 653.19000 654.01621
27.67000 631.06000 630.75777
23.49000 566.67000 560.09953
25.53000 594.96000 595.91571
25.05000 583.42000 587.75359
26.28000 609.06000 608.38249
26.96000 620.00000 619.43223
27.12000 623.43000 622.00177
27.43000 627.59000 626.95087
23.09000 556.18000 552.68713
29.70000 660.42000 662.33195
27.53000 629.12000 629.33258
24.29000 576.05000 574.51836
24.95000 583.21000 586.04000
35.24000 743.80000 747.39302
34.31000 733.12000 732799602
34.57000 737.83000 737.01473
35.26000 747.60000 747.70327
30.96000 679.02000  . 681.62228
34.91000 748.70000 742.27749
31.23000 685.23000 685.74690
35.14000 745.60000 745.84212
32.65000 709.89000 707.46097
35.85000 753.62000 756.86548
31.14000 680.72000 684.37211
32.90000 710.90000 711.29369
33.75000 726.30000 724.35821
37.80000 785.80000 787.19530
33.87000 725.80000 726.20709
36.18000 766.94000 761.99669
33.98000 729.50000 727.90289
38.25000 792.90000 794.17739
33.78000 724.31000 724.82033
31.95000 699.95000 696.74814
252 33.08000 716.93000 714.05584
377 31.78000 694.36000 694.14962
390 37.45000 780.95000 781.75605
308 41.13000 837.57000 838.18505
093 41.27000 838.33000 840.27927
345 39.91000 817.38000 819.73169
383 -38.87000 804.07000 803.76646
397 40.55000 826.23000 829.45537
026 38.59000 800.30000 799.44113
383 43.03000 864.43000 866.12595
287 38.85000 805.91000 803.45782
081 40.70000 830.34000 831.72102
361 41.03000 832.99000 836.68600
218 43.02000 866.84000 865.98173
101 45.81000 907.27000 905.18680
113 45.05000 895.91000 894.67780
316 45.45000 900.81000 900.21880
392 45.83000 906.66000 905.46242
393 44.68000 890.35000 889.52582
364 45.73000 903.27000 904.08397
LHF 016 43.27000 872.51000 869.57819
105 46.59000 919.07000 915.92657
296 47.09000 924.94000 922.82921
272 47.74000 932.85000 931.88491
173 46.81000 921.31000 918.95960
016 48.68000 944.03000 945.31437
012 48.39000 940.61000 941.11395
011 45.65000 900.93000 902.93054
009 45.69000 903.87000 903.53234
013 47.82000 932.31000 933.00951
010 49.13000 950.51000 951.96679
003 45.72000 901.94000 903.94608
002 47.76000 929.15000 932.16581
001 46.32000 908.91000 912.20897
LHJ 043 47.85000 936.68000 933.43193
078 48.18000 938.40000 938.10728
089 48.46000 942.00000 942.12240
ORDER OF EQUATION = 6
NUMBER OF SAMPLES = 133
TOTAL SUMS OF SQUARES = 4399296.76318
SUMS OF SQRS DUE TO REGRESSION = 4398236.50220
SUMS OF SQRS DUE TO DEVIATION = 1060.26099
GOODNESS OF FIT = .99976
CORRELATION COEF = .99987949
<
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ATg the estimate of S-wave residual (equation 4.4).
Figure 4.2 shows a plot of observed values, the least-squares curve
Aof observed values and the J-B estimates for W R A ( T g )•In general the
S(JB)curve can be accepted as one of the smooth curves passing through
all observation points, although it is still earlier than the Tg . 
However allowing 1 or 2 seconds error due to source parameters, the 
observation points and the least-squares curve are in sufficient
Aagreement with the Tg^^.This means that the P and S residuals observed 
at WRA are correlated with each other. This least-squares curve Tg 
also fits the observations from Region II (Sunda-Arc) - see Figure 4.3. 
Because Regions I and II have different azimuthal directions, this 
evidence suggests that in terms of travel-time data there is no 
significant difference between the velocity structure for Regions I and 
II. Because of the difficulty of finding events which cover the 
distance range continuously, the construction of a travel-time curve for 
events in Region III has not been attempted .
As discussed in Chapter 3, a second method of obtaining a 
shear-wave travel-time curve is to determine the S-P separation times as 
a function of distance and add these to a P-wave travel-time curve. 
This method excludes the uncertainty in origin time, in that the only 
direct errors involved are those related to the uncertainty in the 
extended distance which in turn is related to errors in the focal depth 
given either by the PDE or ISC.
Accepting that the P- and S-waves travel almost the same ray path, 
the time correction C required to extend the ray path back to a 
surface-focus value can be written with small error as
1 1C = ds (
V
) = —  ( —  - 1) V V P s
( 4.6 )
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Figure 4 .2  Comparison of  the observed t r av e l  t imes ,  the  l e a s t  
square curve and the J-B t r av e l  times fo r  WRA a t  
d i s ta n ce s  beyond 23 degrees .
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F i g u r e  4 . 3  The p l o t  o f  l e a s t - s q u a r e s  c u r v e  T£ w i t h
t h e  o b s e r v e d  d a t a  f rom R eg ion  I I  ( S u n d a - A r c  ) .
Table 4.2
List of events 
observed travel
EVENT
NO.
LHJ058
LHJ028
LHJ108
LHJ130
LHJ031
LHJ122
LHJ188
LHJ137
L.HJ103
LHJ047
LHJ131
LHJ036
LHJ004
LHJ099
LHJ059
LHJ105
LHJ092
LHJ102
LHJ138
LHJ096
LHJ289
LHJ061
LHJ086
LHJ067
LHJ011
LHJ030
LHJ043
LHJ078
LHJ089
LHJ104
LHJ057
from Region II and their corrected 
times.
EXTENDED REDUCED
DISTANCE TRAVEL
( DEG. ) TIMECSEC.)
24.62 68.138
26.53 77.446
28.81 64.155
24.79 69.695
28.70 73.813
30.30 62.026
34.33 59.715
34.48 57.263
35.04 50.098
35.07 53.676
35.26 55.311
35.26 53.581
36.58 46.175
36.34 46.685
36.79 48.009
33.08 45.256
38.75 38.963
37.45 44.026
43.84 26.527
41.19 31.538
42.34 29.317
44.04 24.981
44.14 22.593
44.24 13.785
45.57 20.419
44.54 27.381
47.85 11.568
48.18 7.541
48.46 5.959
50.30 3.162
50.83 -5.190
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where ds  i s  t h e  r a y  p a t h  c o r r e c t i o n  from t h e  s o u rc e  t o  t h e  s u r f a c e .  
(Vp/Vg-1)  can  be c o n s i d e r e d  to  be a c o n s t a n t  p r o v id e d  e v e n t s  w i th  
s h a l l o w  f o c a l  d e p t h s  a r e  u s e d .  The Choice o f  e v e n t s  h a v in g  a
s h a l l o w - f o c a l  d e p th  a l s o  d e c r e a s e s  t h e  c o r r e c t i o n  C which needs  t o  be 
a p p l i e d  .
In  t h i s  s t u d y  e v e n t s  w i th  d e p t h s  be tw een  40 and 200 km have  been  
u s e d ,  as  t h e  r e c o r d s  i n d i c a t e  t h a t  l a r g e  e v e n t s  (m a gn i tude  ^ 5) have  
c l e a r  o n s e t s  f o r  b o t h  P and S a r r i v a l s .  A l s o ,  b e c a u s e  o f  t h e  s c a t t e r  i n  
t h e  o b s e rv e d  t r a v e l - t i m e  d a t a  and t h e  p o o r e r  q u a l i t y  o f  S r e c o r d s  a t  
s h o r t e r  d i s t a n c e s  t h i s  s t u d y  h a s  be e n  l i m i t e d  t o  e v e n t s  beyond a 
d i s t a n c e  o f  22 d e g r e e s .  Using l e a s t - s q u a r e s  methods  t h e  6 th  d e g r e e  
po ly n o m ia l  in  d i s t a n c e  (A) g i v e n  be low i s  r e q u i r e d  t o  f i t  t h e  d a t a  from 
114 e v e n t s  which have  be e n  s e l e c t e d .
Tg -  Tp = - 1 1 4 6 .7 5  + 1 9 9 . 9 0 0 A -  12.3559 A2 + 0 .413445  A3
-  0 .00759097  A4 + 0.000072139 A5 -  0 .000000276024 A6
( 4 .7  )
The d a t a  f o r  t h e  e x te n d e d  d i s t a n c e s  and t h e  c o r r e c t e d  T -T v a l u e s  a r e
O L
l i s t e d  i n  Tab le  4 . 3 .  These Tg-T^ v a l u e s  can  be used  i n  two ways.
F i r s t l y ,  as d i s c u s s e d  p r e v i o u s l y  t h e y  can  be added t o  a P-wave 
t r a v e l - t i m e  c u r v e  t o  o b t a i n  an e s t i m a t e  o f  t h e  S-wave t r a v e l  t i m e .  Two 
S-wave models  u s i n g  t h e s e  v a l u e s  and d i f f e r e n t  P-wave models  a r e  shown 
i n  F i g u r e  4 . 4 .  The second use  i s  t o  o b t a i n  an i n d e p e n d e n t  e s t i m a t e  o f  
t h e  mean s low ness  v a l u e  o f  some p a r t i c u l a r  b r a n c h  o f  t h e  t r a v e l - t i m e  
c u r v e .  This  i s  f u r t h e r  d i s c u s s e d  i n  S e c t i o n  3 o f  t h i s  c h a p t e r .
4 . 2  Slowness  d a t a .
Depending on t h e  a c c u r a c y  o f  m ea s u rem e n t ,  changes  i n  s low ness  w i th
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Table 4.3
List of data used in constructing average T
EXT.DISTANCE CORRECTED 
OBSERVED TIME
DEG. Ts -  Tf  , SEC
2 2 .3 2 0 0 0 2 3 4 .2 9 0 0 0
2 2 .1 2 0 0 0 2 3 6 .7 3 0 0 0
2 2 .1 9 0 0 0 2 3 5 .3 3 0 0 0
2 2 .4 5 0 0 0 2 4 1 .1 5 0 0 0
2 2 .6 2 0 0 0 2 4 3 .7 5 0 0 0
2 2 .2 8 0 0 0 2 3 3 .2 2 0 0 0
2 2 .3 7 0 0 0 2 4 0 .2 8 0 0 0
2 2 .5 4 0 0 0 2 3 5 .8 8 0 0 0
2 2 .5 1 0 0 0 2 4 2 .8 6 0 0 0
2 2 .7 0 0 0 0 2 4 1 .7 6 0 0 0
2 2 .7 9 0 0 0 2 4 1 .6 5 0 0 0
2 2 .6 2 0 0 0 2 4 0 .5 5 0 0 0
2 2 .8 8 0 0 0 2 4 9 .7 3 0 0 0
2 3 .2 8 0 0 0 2 4 9 .4 8 0 0 0
2 4 .7 3 0 0 0 2 5 4 .4 4 0 0 0
2 9 .5 0 0 0 0 2 8 8 .5 9 0 0 0
2 6 .0 8 0 0 0 2 6 7 .8 8 0 0 0
2 8 .9 8 0 0 0 2 8 4 .0 3 0 0 0
2 6 .6 7 0 0 0 2 7 2 .0 5 0 0 0
2 6 .0 2 0 0 0 2 6 6 .1 7 0 0 0
2 3 .2 7 0 0 0 2 4 1 .7 9 0 0 0
2 8 .3 6 0 0 0 2 S 6 .46000
2 8 .8 6 0 0 0 2 9 0 .6 9 0 0 0
2 4 .6 2 0 0 0 2 5 6 .2 4 0 0 0
2 3 .9 2 0 0 0 2 5 5 .0 2 0 0 0
2 4 .1 5 0 0 0 2 5 4 .5 5 0 0 0
2 4 .8 4 0 0 0 2 6 1 .0 0 0 0 0
2 9 .1 6 0 0 0 2 8 3 .2 9 0 0 0
2 7 .6 7 0 0 0 2 8 1 .8 9 0 0 0
2 3 .4 8 0 0 0 2 5 1 .9 7 0 0 0
2 5 .5 3 0 0 0 2 6 3 .9 1 0 0 0
2 5 .0 5 0 0 0 2 5 8 .3 9 0 0 0
2 6 .2 8 0 0 0 2 7 1 .3 9 0 0 0
2 6 .9 6 0 0 0 2 7 6 .3 4 0 0 0
2 7 .1 2 0 0 0 2 7 8 .2 9 0 0 0
2 7 .4 3 0 0 0 2 7 9 .9 0 0 0 0
2 3 .0 9 0 0 0 2 4 8 .4 9 0 0 0
2 9 .7 0 0 0 0 2 9 4 .3 9 0 0 0
2 7 .5 8 0 0 0 2 7 9 .3 9 0 0 0
2 4 .2 9 0 0 0 2 5 7 .3 5 0 0 0
2 4 .9 5 0 0 0 2 5 7 .7 2 0 0 0
3 5 .2 4 0 0 0 3 3 1 .6 8 0 0 0
3 4 .3 1 0 0 0 3 2 5 .0 2 0 0 0
3 4 .5 7 0 0 0 3 2 7 .9 5 0 0 0
3 5 .2 6 0 0 0 3 2 2 .1 8 0 0 0
3 4 .9 1 0 0 0 3 3 4 .2 8 0 0 0
3 1 .2 2 0 0 0 3 0 4 .1 6 0 0 0
- Tp curve.
SMOOTHED TIME 
SEC.
2 3 8 .3 4 6 3 8
2 3 6 .5 3 8 5 2
2 3 7 .1 7 4 7 2
2 3 9 .5 0 5 6 0
2 4 1 .0 0 3 4 3
237 .9 3 7 2 1
2 3 8 .7 9 3 6 8
2 4 0 .3 0 1 0 9
2 4 0 .0 3 6 5 6
2 4 1 .7 0 1 5 3
2 4 2 .4 3 1 7 9
2 4 1 .0 0 3 4 8
2 4 3 .2 5 6 8 3
2 4 6 .6 4 1 6 7
2 5 8 .2 3 4 3 7
2 9 2 .6 0 3 8 9
2 6 3 .3 5 0 0 7
2 8 3 .9 7 9 0 3
2 7 2 .6 3 5 9 3
2 6 7 .9 1 0 3 ?
2 4 6 .5 5 8 1 8
2 8 4 .6 3 9 0 1
2 3 8 .1 4 0 7 6
2 5 7 .3 8 6 2 6
2 5 1 .8 7 5 7 0
2 5 3 .7 0 3 7 4
2 5 9 .0 7 9 2 4
2 9 0 .2 3 5 1 1
2 7 9 .7 7 6 0 8
2 4 8 .2 9 9 8 9
2 6 4 .2 8 8 7 6
2 6 0 .6 8 0 0 2
2 6 9 .8 1 0 2 9
2 7 4 .7 2 0 5 7
2 7 5 .8 6 5 4 0
2 7 8 .0 7 3 9 6
2 4 5 .0 4 5 6 9
2 9 3 .9 9 5 2 7
2 7 9 .1 3 8 5 2
2 5 4 .8 1 3 3 7
2 5 9 .9 1 9 5 3
3 3 2 .2 1 0 1 9
3 2 5 .8 4 6 1 6
3 2 7 .6 2 8 7 2
3 3 2 .3 4 6 6 6
3 2 9 .9 5 5 9 6
3 0 4 .5 3 7 0 7
35.14000
32.65000
35.88000 
31.13500 
32.90000 
33.75000
37.78000
33.88000
33.98000
33.78000 
33.07000
31.76000
37.44000 
41.12500
41.26000 
39.91000 
40.99000 
38.86500 
40.54000 
38.59000
43.02000
38.83000
40.69000
41.02000
43.02000
45.80000 
45.05000
45.44000
45.83000 
44.67000
45.72000
43.26000 
48.68000
48.39000
45.65000
45.69000 
47.82000 
49.13000
45.72000
47.76000 
46.32000 
28.81000 
24.79000 
28.70000 
30.30000 
34.33000 
34.48000 
35.04000
331.28000
316.46000 
332.82000 
300.11000
315.98000
323.08000
347.60000
321.38000
324.38000 
320.35000
319.46000
307.71000 
345.12000 
371.49000 
371.58000
361.39000 
366.03000
356.39000
366.78000
355.98000 
381.05000 
358.23000 
369.04000 
369.74000
386.28000 
401.00000
398.98000
398.93000
400.28000 
396.45000
399.80000
389.08000
415.83000 
415.62000
397.71000
399.42000
410.60000 
418.52000 
398.06000 
409.92000
400.42000
283.80000 
252.90000 
291.91000 
295.15000
330.93000
331.02000 
337.95000
331.52760 
314.42047 
336.56736 
303.94368 
316.14513 
321.99942 
349.35714 
322.89324 
323.58046 
322.20573 
317.31724 
303.27265 
347.08696 
371.16302 
372.02173 
363.35924 
370.30261 
356.53916 
367.42259 
354.72822
383.07594 
356.30904 
368.38466 
370.49395
383.07594 
400.14996 
395.56976 
397.95229 
400.33308 
393.24491
399.66164 
384.56486 
417.88039 
416.06842 
399.23435 
399.47852 
412.53035 
420.71369
399.66164 
412.16012 
403.32487 
287.79125 
258.69595 
237.02185 
298.16236 
325.98337 
327.01195 
330.84456
35.07000 331.38000 331.04952
35.27000 335.54000 332.41488
35.26000 332.53000 332.34666
36.58000 339.10000 341.30721
36.34000 336.84000 339.68543
36.79000 342.06000 342.72324
37.45000 345.28000 347.15386
38.75000 352.62000 355.78266
43.84000 389.31000 388.14795
-0 o o o 368.85000 371.57670
42.34000 377.69000 378.83473
44.04000 390.68000 389.37905
44.14000 388.12000 389.99385
44.54000 395.99000 392.44852
45.57000 400.05000 398.74599
47.85000 417.36000 412.71632
48.46000 412.67000 416.50506
50.30000 433.97000 428.22457
50.83000 430.27000 431.71271
ORDER OF EQUATION = 6
NUMBER OF SAMPLES = 114
TOTAL SUMS OF SQUARES = 392749.18713
SUMS OF SQRS DUE TO REGRESSION = 391942.13751
SUMS OF SQRS DUE TO DEVIATION = 807.04962
GOODNESS OF FIT = .99795
CORRELATION COEF = .99897204
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•  smoothed observed value
____  estim ated from T^-Tp data and the Ram D a t t 's  P-wave model
______ estim ated from T^-Tp data and the CAP8 P-wave model
F igure 4.4 Comparison between the S - t ra v e l - t im e  curves estimated 
from T<~-Tp data and d i r e c t  a r r i v a l  time measurement.
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distance can be used to determine the shape of the travel-time curve. 
More importantly, sharp changes in the slowness values of either P or S 
first arrivals may indicate branching or multiplicity of the travel-time 
curve, which in turn can be related to a discontinuity in the Earth's 
seismic velocity at the corresponding depth.
In this study the first-arrival slowness values of all events used 
have been measured. The analysis is based on events from Regions I and 
II because both these regions contain a sufficient number of events 
spread over an extended distance range. Although events have been 
studied from Region III they are concentrated within certain distance 
ranges and are therefore not suitable for detailed analysis. They have, 
however, been used for analysing the travel-time behaviour beyond 42 
degrees. The analysis of slowness data and phase identification have 
been carried out simultaneously (see 3.4.3) in order to determine where 
triplications occur in the S-wave travel-time curve. If the 
first-arrival slowness data show a significant break at a particular 
distance, then the records can be examined to determine whether distinct 
later arrivals are evident on either side of the hypothetical crossover 
point. In some cases the later-arrival data strongly indicate a break 
in their first-arrival slowness which, because of scatter, is not 
indicated by the first-arrival slowness values. To solve this problem 
an analysis of the relationship between first and later arrivals 
slowness values can be carried out. If the relationship is consistent, 
i.e. the slowness values of any arrival on the same branch are about the 
same, and the synthetic travel-time curve constructed from the records 
(see 3.4.3) shows strong indications of multiplicity, then a break in 
the first arrival slowness values can be inferred.
Figures 4.5 and 4.6 show the first-arrival slowness data of events 
from Regions I and II, (the events are listed in tables 4.4 and 4.5).
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Table 4.4
List of events from Region I .
EV. YEAR MO DY HR MI SEC LATITUD LONGITU DER h i s t EXDIS AZIMUT SLOUN T .COR.
NO. ( DEG.) ( DEG.) KM. (DEG) (DEG) (D E G .) SC/DG (SEC)
L I L  56 1977 4 17 10 14 1 6 .7 - 8 . 1 7 0 1 2 9 .8 0 0 33 12.51 1 2 .9 2 3 3 8 .7 3 2 5 .2 0 1 3 .2 7
367 1976 10 24 2 14 5 0 .7 - 8 . 6 4 6 1 2 7 .8 7 5 31 1 2 .8 6 13.21 3 2 9 .9 3 2 4 .2 5 1 2 .4 6
114 1976 4 14 14 37 3 . 3 — *7 7 T 7/  ■ Ü 4 . / 1 2 9 .3 0 8 58 1 3 .4 6 1 4 .2 4 3 3 8 .0 0 n n  "7C- IbA. 1 / ‘J 2 5 .6 6
85 1977 8 24 19 1 1 2 .8 - 6 . 7 5 0 1 3 1 .6 4 7 33 1 3 .3 8 1 3 .7 5 348 .31 2 4 .5 0 1 3 .2 7
453 1975 10 18 0 58 1 7 .5 - 7 . 0 1 9 1 2 9 .3 9 8 75 1 3 .7 2 1 4 .7 8 3 38 .31 2 2 .5 0 3 4 .7 3
505 1980 1 5 p 48 7 . 0 - 6 . 8 5 8 1 2 9 .7 2 0 93 1 3 .7 6 1 5 .2 7 3 4 0 .3 0 2 2 .0 0 4 6 .0 0
506 1980 1 6 9 28 1 3 .9 - 7 . 3 5 8 1 2 8 .4 7 9 177 1 3 .7 5 1 7 .4 7 3 3 4 .7 2 2 2 .1 3 1 0 1 .2 4
507 1980 4 20 8 9 3 .1 - 6 . 1 9 4 1 3 1 .5 7 4 39 1 3 .9 3 1 4 .2 9 3 4 8 .4 5 2 2 .1 3 1 5 .7 0
457 1975 11 16 14 30 .2 - 6 . 9 8 9 1 2 9 .1 9 4 136 1 3 .8 2 1 6 .4 3 3 3 8 .0 6 2 2 .0 0 7 3 .6 6
459 1975 11 28 23 14 1 8 .0 - 7 . 4 8 6 1 2 9 .6 6 7 157 1 3 .1 9 1 6 .3 7 339 .21 2 2 .3 8 8 7 .6 3
460 1975 11 30 3 50 2 9 .5 - 6 . 1 5 6 1 3 0 .4 1 3 131 1 4 .2 3 16.71 3 4 3 .8 7 2 2 .5 0 7 0 .4 2
463 1975 12 31 17 32 5 0 .7 - 7 . 3 5 3 1 2 8 .8 2 5 113 1 3 .6 2 1 5 .6 3 3 3 6 .0 6 21 .3 3 5 8 .7 1
464 1975 11 10 18 4 21 .6 - 7 . 6 2 7 1 2 8 .5 6 0 122 1 3 .4 7 1 5 .7 2 3 3 4 .5 7 21 .8 8 6 4 .5 3
465 1975 11 3 14 47 .8 - 7 . 3 9 9 1 2 8 .5 3 3 170 1 3 .6 9 1 6 .2 8 3 3 4 .8 5 2 1 .1 3 7 6 .0 0
454 1975 10 23 21 50 4 9 .3 - 5 . 5 4 0 1 3 0 .9 6 3 91 1 4 .6 9 1 6 .1 5 3 4 6 .5 8 21 .8 8 4 4 .7 5
455 1975 11 11 16 48 2 . 9 - 7 . 1 0 8 1 2 9 .0 8 0 143 1 3 .7 5 1 6 .5 5 3 3 7 .4 3 2 2 .6 3 7 8 .3 2
456 1975 11 13 22 1 2 2 .3 - 6 . 4 9 0 1 2 9 .9 7 0 33 1 4 .0 4 1 4 .3 4 3 4 1 .7 5 2 3 .3 8 1 3 .2 7
403 1977 10 11 4 55 3 9 .0 - 6 . 7 3 0 1 3 0 .9 4 0 54 1 3 .5 5 1 4 .1 9 3 4 5 .3 8 2 2 .6 3 2 3 ,5 2
104 1976 3 21 10 56 4 2 .0 - 6 . 9 6 0 1 2 9 .6 1 0 47 1 3 .7 0 14.21 3 3 9 .7 3 21 .4 0 19.81
426 1977 6 29 p 24 2 4 .8 - 7 . 5 9 9 1 2 7 .6 5 4 58 1 3 .8 8 14.61 3 3 1 .1 9 n n  -7*=;jL .jL. « /  O 2 5 .6 6
419 1977 8 24 23 31 7 .1 - 6 . 4 4 8 129 .951 33 1 4 .0 8 1 4 .3 8 3 4 1 .7 3 2 2 .6 3 1 3 .2 7
108 1976 3 31 12 27 3 .1 - 6 . 8 3 0 1 2 9 .5 1 0 59 1 3 .8 6 1 4 .6 0 3 39 .51 2 2 .8 0 2 6 .1 8
420 1977 5 13 2 43 5 3 .9 - 7 . 8 0 3 1 2 8 .9 2 3 71 1 3 .1 7 1 4 .1 5 3 3 5 .6 9 2 2 .1 3 3 2 .5 8
416 1977 12 25 8 23 2 2 .8 - 7 . 3 1 7 1 2 8 .6 7 7 106 13.71 1 5 .5 4 3 3 5 .5 4 2 2 .8 3 5 4 .2 3
9 1977 1 23 p 56 4 3 .1 - 7 . 2 6 3 1 3 0 .1 6 5 100 1 3 .2 4 1 4 .9 3 3 4 1 .5 7 2 2 .4 0 5 0 .4 0
424 1977 6 10 14 48 1 5 .9 - 4 . 9 5 0 1 3 0 .0 9 6 33 1 5 .4 7 1 5 .7 7 3 4 3 .9 0 2 2 .5 0 1 3 .2 7
206 1976 10 21 11 6 9 . 4 - 7 . 8 4 4 1 2 9 .6 3 6 126 1 2 .8 7 1 5 .2 2 3 3 8 .5 4 21 .7 0 6 7 .1 3
58 1977 4 17 16 0 3 7 .8 - 7 . 6 8 3 1 3 0 .2 8 8 215 12.81 1 6 .3 7 3 4 1 .5 3 2 0 .6 3 1 0 0 .2 6
197 1976 9 ?2 14 46 .3 - 7 . 6 8 6 1 2 9 .1 4 8 152 1 3 .1 9 1 6 .2 3 3 3 6 .7 9 2 2 .8 0 8 4 .3 0
443 1978 4 12 16 35 3 2 . 0 - 6 . 0 5 0 1 3 0 .6 0 0 71 1 4 .2 8 1 5 .2 7 3 44 .71 n n  ~7crm /  -J 3 2 .5 8
451 1978 3 26 2 14 2 7 .0 - 6 .6 9 1 1 2 9 .0 1 8 33 1 4 .1 6 1 4 .4 6 3 3 7 .8 2 n n  *7crJL.4~  •  /  U 1 3 .2 7
401 1977 9 21 12 21 1 .2 - 6 . 1 3 9 1 3 0 .2 7 9 137 1 4 .2 8 1 6 .2 6 3 4 3 .3 6 2 0 .8 3 5 9 .9 5
177 1976 9 3 6 49 21 .3 - 5 . 8 0 0 1 3 1 .0 8 0 113 1 4 .4 2 1 5 .9 5 3 46 .81 21 .5 0 4 8 .4 4
143 1976 8 2 22 55 3 3 .8 - 4 . 6 7 8 1 3 0 .2 8 8 89 1 5 .6 8 1 7 .0 9 3 4 4 .8 5 2 3 .9 0 43 .5 1
137 1976 7 23 13 34 1 .4 - 7 . 4 8 7 1 2 8 .7 1 0 126 1 3 .5 4 1 5 .8 9 3 3 5 .3 9 21 .7 5 6 7 .1 3
48 1977 4 7 22 15 1 0 .3 - 6 . 4 0 7 1 3 0 .0 1 2 118 1 4 .1 0 1 6 .2 5 3 4 2 .0 2 21 .8 0 61 .9 7
138 1976 7 24 14 33 4 2 .9 - 3 . 9 8 0 1 2 8 .5 1 0 33 1 6 .8 6 1 7 .1 3 3 3 9 .5 0 2 0 .9 0 1 2 .6 2
430 1977 1 p 10 37 1 8 .7 - 7 . 4 8 4 1 2 9 .0 7 0 143 1 3 .4 0 1 6 .2 0 3 36 .81 21 .8 0 7 8 .3 2
428 1977 1 2 0 55 8 . 8 - 6 . 9 5 5 1 2 9 .5 1 2 171 1 3 .7 4 1 7 .3 0 3 3 9 .3 5 2 2 .6 3 9 7 .1 1
429 1977 1 6 9 29 6 . 2 - 7 . 0 4 2 1 2 9 .5 1 9 56 1 3 .6 6 1 4 .3 4 3 3 9 .2 5 21 .7 5 2 4 .5 8
433 1977 2 2 9 11 3 4 .8 - 6 . 1 8 3 1 3 1 .7 3 2 33 13.91 14.21 3 4 9 .1 0 2 2 .3 8 1 3 .2 7
439 1978 5 8 11 37 3 7 .1 - 6 . 3 0 6 1 3 1 .9 1 3 33 1 3 .7 6 1 4 .0 6 3 4 9 .7 6 2 1 .4 0 1 3 .2 7
447 1978 2 20 23 51 4 8 .5 - 7 . 0 4 0 128 .901 33 1 3 .8 8 1 4 .1 8 3 3 6 .8 5 2 2 .7 5 1 3 .2 7
205 1976 10 1 11 47 6 .1 - 3 .4 6 1 1 3 0 .8 9 8 33 1 6 .7 3 1 7 .0 0 3 4 7 .9 4 2 0 .5 0 1 2 .6 2
75 1977 6 18 20 4 4 4 .2 - 4 . 0 1 2 1 2 7 .8 3 9 13 1 7 .0 6 1 7 .1 6 3 3 7 .3 1 1 9 .7 0 4 . 9 8
216 1976 12 10 22 29 1 0 .2 - 5 . 8 9 1 1 3 0 .1 0 8 176 1 4 .5 7 1 7 .2 7 3 4 2 .9 8 2 0 .7 0 7 8 .9 4
Ill
L IL  40 ? 1977 11 17 22  36  3 4 .0 - 3 .2 8 4 1 3 0 .1 0 6 33 1 7 .0 7 1 7 .3 4 345 .41  2 1 .2 0 1 2 .6 2
201 1976 9 25 14 16  1 1 .0 - 6 .1 5 2 129.441 179 1 4 .5 2 1 7 .2 7 3 4 0 .1 5  2 1 .1 0 8 0 .41
323 1977 9 12 19  32  5 9 .7 - 4 .3 9 2 1 2 9 .5 2 3 124 1 6 .1 6 1 7 .9 0 3 4 2 .4 4  2 1 .0 0 5 3 .7 1
112 1976 4 14 7 52  3 8 .6 - 3 .0 2 6 1 2 9 .7 1 4 11 17.41 17.51 3 4 4 .3 5  2 1 .8 8 4 .41
44 5 1978 2 19 12  19  3 4 .4 - 3 .8 5 7 1 2 9 .0 0 7 90 1 6 .8 2 1 7 .9 5 3 4 1 .2 6  2 0 .6 0 3 7 .5 5
155 1976 8 17 18  7  3 9 .3 - 2 .9 8 0 1 2 9 .5 3 0 33 1 7 .4 9 1 7 .7 6 3 4 3 .9 5  2 0 .8 5 1 2 .6 2
412 197 ? 12 o 18 46  3 6 .0 - 3 .1 3 0 1 2 8 .8 5 0 74 1 7 .5 5 1 8 .4 0 3 4 1 .4 9  2 0 .4 0 3 0 .0 8
182 1976 9 6 17 34  25.1 - 6 .4 8 2 1 2 9 .7 0 2 214 1 4 .1 2 1 7 .6 5 3 4 0 .7 2  2 1 .5 0 9 9 .61
74 1977 6 17 13  37  2 5 .0 - 1.881 1 2 3 .5 9 8 33 18.81 1 9 .0 8 3 4 1 .9 0  2 1 .4 5 1 2 .6 2
8 1977 1 n njL .jL 4 18  3 6 .5 - 3 .4 6 9 1 2 7 .1 3 3 66 1 7 .8 2 1 8 .5 5 3 3 5 .8 2  2 0 .6 0 2 6 .5 9
376 1976 11 17 17  1 2 3 .6 - 5 .6 1 0 1 2 9 .7 0 2 232 1 4 .9 5 1 8 .9 8 3 4 1 .7 7  2 1 .5 0 1 1 1 .3 6
427 1977 1 1 19  1 3 9 .6 - 2 .5 3 2 1 2 6 .5 8 2 33 1 8 .9 0 1 9 .1 7 3 3 5 .3 5  2 0 .3 3 1 2 .6 2
415 1977 12 24 9 50  2 3 .6 - 5 .4 2 2 1 2 9 .6 7 7 232 1 5 .1 4 1 9 .1 7 3 4 1 .8 9  2 0 .7 5 1 1 1 .3 6
321 1977 o 2 4 52  5 9 .8 - 1 .6 0 0 1 2 7 .6 0 0 53 1 9 .3 9 1 9 .9 2 3 3 9 .2 7  2 1 .0 0 2 0 .9 3
398 1977 9 19 5  13  9 . 2 - 1 .9 8 4 1 2 6 .6 2 7 33 1 9 .3 8 1 9 .6 5 3 3 6 .1 2  2 1 .0 5 1 2 .6 2
249 1975 11 13 4 6  2 0 .0 - 2 .1 7 0 1 2 5 .9 0 0 11 1 9 .5 0 1 9 .5 9 3 3 3 .9 0  2 0 .7 0 4 .21
39 ? 1977 9 19 5  51 3 3 .4 - 1 .7 7 0 1 2 6 .7 0 6 33 1 9 .5 5 1 9 .8 2 3 3 6 .5 8  2 0 .7 5 1 2 .6 2
400 1977 9 19 6 11 4 5 .0 - 1 .7 1 2 1 2 6 .5 0 7 33 1 9 .6 8 1 9 .9 5 3 3 6 .1 0  2 0 .6 3 1 2 .6 2
2 1977 1 4 11 47  9 . 3 - 1 .5 2 0 1 2 6 .7 0 0 33 1 9 .7 8 2 0 .0 5 3 3 6 .8 4  2 0 .6 5 1 2 .6 2
413 1977 12 21 18  6  1 0 .6 - . 9 5 6 1 2 6 .7 7 0 20 2 0 .2 8 2 0 .4 4 3 3 7 .6 2  1 9 .8 8 7 . 6 6
331 1977 12 21 21 15  1 .7 - . 9 5 8 1 2 6 .7 1 9 33 2 0 .2 9 2 0 .5 2 3 3 7 .4 8  1 9 .0 0 1 1 .6 7
315 1977 rr 29 7 39  4 3 .7 - . 9 9 5 1 2 7 .9 2 3 33 1 9 .8 6 2 0 .0 8 3 4 0 .7 5  1 9 .7 0 1 1 .6 7
322 1977 9 2 5  38  4 0 .8 - 2 .5 5 6 1 2 1 .9 3 2 61 2 1 .1 2 21 .61 3 2 3 .3 8  1 9 .1 5 21 .3 6
374 1976 11 11 10  53  3 2 .0 .5 1 0 1 2 6 .1 5 0 59 21 .8 6 2 2 .3 4 3 3 7 .4 7  1 3 .2 0 2 0 .6 7
24 1977 2 11 20  19  4 5 .4 - . 2 6 6 1 2 5 .0 9 3 68 21 .5 6 2 2 .1 3 3 3 4 .0 3  1 8 .9 5 2 3 .7 9
384 1977 2 13 13  6  5 5 .4 - . 0 3 0 1 2 5 .1 1 0 60 2 1 .7 2 n n  o ijL .jL. a 4L. 1 3 3 4 .2 8  1 8 .8 0 2 1 .0 2
89 1976 1 2 0  9  5 2 .5 - . 1 4 5 1 2 4 .8 3 2 79 21 .7 8 2 2 .4 7 3 3 3 .5 2  1 8 .7 0 2 7 .6 2
194 1976 9 21 20  52  1 0 .0 .0 6 7 1 2 4 .8 9 2 79 21 .94 2 2 .6 4 3 3 3 .9 0  1 9 .0 0 2 7 .6 2
28 1977 2 16 10  40  2 2 .7 .5 4 0 1 2 6 .0 5 0 49 21 .9 2 n n  o pjL. jL. a 4.7 3 3 7 .2 5  1 8 .4 0 1 7 .2 2
440 1978 5 o 22  32  2 9 .4 - . 1 2 4 124 .261 94 2 2 .0 4 2 2 .91 3 3 2 .1 6  1 9 .3 0 3 2 .9 2
450 1978 3 26 0  5  5 7 .3 - . 1 1 0 1 2 5 .3 0 0 59 21 .61 2 2 .0 9 334 .71  1 7 .9 0 2 0 .6 7
448 1978 2 21 4 36  1 5 .3 1 .0 9 0 1 2 6 .2 4 0 67 n n  -7*7JL.iL. a 'J  / 2 2 .9 3 3 3 3 .2 4  1 8 .5 0 2 3 .4 4
184 1976 9 8 2  12  4 8 .9 - . 0 5 7 1 2 4 .8 4 2 64 21 .8 5 2 2 .3 8 3 3 3 .6 4  1 8 .9 0 2 2 .4 0
328 1977 12 13 14 27  6 . 6 - . 1 3 5 1 2 4 .0 9 4 56 2 2 .1 0 2 2 .5 5 3 3 1 .7 5  1 8 .7 0 1 9 .6 4
80 1977 2 14 13  48  2 2 .3 1 .0 5 9 1 2 6 .6 7 5 45 2 2 .1 9 2 2 .5 2 3 3 9 .2 9  1 8 .0 0 1 5 .8 4
261 1975 12 16 13  42  3 0 .2 .8 8 3 1 2 5 .8 9 2 53 2 2 .3 0 22 .71 3 3 7 .1 9  1 9 .0 0 1 8 .6 0
235 1975 11 5 9  40  4 4 .4 1 .2 7 7 1 2 6 .1 5 6 33 2 2 .5 7 n n  7 04L<u- a  /  7 3 3 3 .2 0  1 8 .2 5 1 1 .6 7
212 1976 11 8 7 26  2 . 7 1 .0 5 7 1 2 6 .0 5 4 33 2 2 .4 0 2 2 .6 2 3 3 7 .7 5  1 8 .8 0 1 1 .6 7
12 1977 1 28 20  55  2 4 .7 1 .6 6 3 126 .521 33 22 .81 2 3 .0 3 3 3 9 .4 3  1 8 .7 0 1 1 .6 7
437 1978 5 23 6  1 5 . 0 - . 7 5 8 127.371 41 2 0 .2 6 2 0 .6 0 3 3 9 .4 5  1 9 .1 3 1 5 .7 2
33 1977 2 27 10  24  5 6 .8 - 7 .3 5 8 1 2 8 .4 8 5 175 1 3 .7 5 17.41 3 3 4 .7 4  2 2 .4 0 9 9 .8 7
109 1976 3 31 16  8  7 . 6 - 6.131 1 3 0 .4 4 8 142 1 4 .2 5 16.31 3 4 4 .0 3  2 1 .7 0 6 2 .3 7
125 1976 6 28 7  13  2 5 .0 - 6 .3 9 4 130.391 33 14.01 14.31 3 4 3 .5 2  2 2 .6 0 1 3 .2 7
432 1977 1 22 10  23  5 2 .6 - 7 .431 1 2 9 .2 5 3 144 1 3 .3 9 16.21 3 3 7 .6 2  2 2 .1 3 7 8 .9 4
264 1975 12 22 16  36  1 7 .5 - 6 .7 5 3 1 2 7 .1 0 3 366 1 4 .8 8 1 9 .6 2 3 3 0 .7 9  1 9 .3 0 1 3 7 .0 2
35 ? 1976 9 21 21 22  4 2 .0 .1 3 5 1 2 4 .8 0 2 93 2 2 .0 4 2 2 .9 0 3 3 3 .7 6  1 9 .1 2 3 2 .5 7
133 1976 7 10 18  48  4 6 .5 - 4 .5 5 9 1 2 8 .0 3 0 291 1 6 .4 7 1 9 .9 6 337 .41  1 9 .1 0 1 0 6 .0 9
50 1977 4 9 1 39  1 7 .0 - 2 .8 6 0 1 2 7 .3 0 0 33 1 8 .3 2 1 8 .5 9 3 3 7 .0 4  2 1 .0 0 1 2 .6 2
442 1978 4 12 10  19  3 9 .7 - 5 .4 5 7 1 3 1 .1 3 9 72 1 4 .7 4 1 5 .7 4 3 4 7 .3 3  2 2 .6 3 3 3 .1 4
320 1977 9 6 5  0  3 9 .2 1 .5 8 9 1 2 6 .4 4 7 64 2 2 .7 6 2 3 .2 9 3 3 9 .1 8  1 7 .4 0 2 2 .4 0
4 ? 1977 4 8 12  20  2 3 .8 - 7 .0 1 0 1 2 7 .6 7 4 264 1 4 .4 0 1 9 .3 0 3 3 2 .3 4  2 0 .9 0 1 3 1 .8 5
508 1978 12 14 19  25  5 9 .3 .5 3 6 1 2 6 .0 2 2 60 21 .9 3 2 2 .4 2 3 3 7 .1 8  1 8 .8 8 2 1 .0 2
511 1980 5 15 18  58  2 5 .3 - 6 .1 9 7 1 2 5 .7 6 0 23 16.01 16.31 3 2 7 .4 2  2 2 .0 0 1 3 .2 7
501 1980 1 16 23  26  1 5 .3 - 2 .0 3 7 1 2 8 .0 2 3 33 1 8 .8 4 1 9 .1 4 3 4 0 .0 5  2 1 .8 8 1 3 .2 7
112
L IL  509 1978 12 15 2 31 21 .5 - . 0 0 9 1 m  o f  71 m w/ 195  2 2 .6 0  2 4 .1 6 3 2 9 .9 5 1 5 .8 8 5 9 .7 1
513 1980 1 2 20  58 4 4 .2 5 .9 8 4 1 2 6 .1 8 8 63  2 6 .9 9  2 7 .4 0 3 4 1 .8 7 1 6 .3 8 2 0 .0 9
347 1976 1 10 1 51 4 3 .4 - . 0 2 2 1 2 3 .3 1 3 178 2 2 .5 6  2 3 .9 7 3 3 0 .0 6 1 5 .8 0 5 4 .5 7
215 1976 12 4 15 32 2 .4 1 .9 8 8 1 2 6 .6 0 2 48  2 3 .0 9  2 3 .3 7 3 3 9 .9 0 1 6 .9 0 1 5 .6 2
35 1977 2 28 14 55 4 8 .6 1 .3 4 8 1 2 6 .2 3 7 73  22 .6 1  2 3 .1 0 3 3 8 .4 6 1 6 .5 0 2 3 .0 8
95 1976 1 31 19 3 8 . 2 1 .4 5 7 1 2 7 .0 6 6 123  2 2 .4 4  2 3 .3 6 3 4 0 .6 0 1 6 .4 0 3 8 .0 1
325 1977 10 20 13 16 1 7 .4 2 .4 2 9 1 2 8 .4 1 9 76  2 2 .9 8  2 3 .5 0 3 4 4 .6 6 1 7 .3 0 2 3 .9 7
244 1975 11 15 18 56 2 4 .0 2 .0 8 0 1 2 6 .6 6 0 73  2 3 .1 5  2 3 .6 4 3 40 .1 1 1 6 .4 5 2 3 .0 3
144 1976 8 10 11 56 1 5 .4 .1 6 7 1 2 3 .7 1 7 163 2 2 .5 4  2 3 .8 2 3 3 1 .2 2 1 6 .7 0 5 0 .0 4
40 1977 3 9 23  1 1 5 .8 2 .5 9 4 1 2 7 .1 7 3 59  2 3 .4 3  2 3 .8 6 3 4 1 .7 4 1 5 .9 0 1 8 .9 0
92 1976 1 20 12 23 1 4 .5 2 .2 3 0 1 2 6 .7 6 3 89  2 3 .2 6  2 3 .8 9 3 4 0 .4 8 1 6 .9 0 2 7 .8 4
127 1976 7 n 11 14 5 7 .4 2 .3 8 5 1 2 7 .2 4 8 84  2 3 .2 6  2 3 .8 5 3 4 1 .7 7 1 6 .9 0 2 6 .3 5
363 1976 10 10 12 14 3 9 .0 2 .711 1 2 7 .1 7 2 54  2 3 .5 9  2 3 .9 3 3 4 1 .8 2 1 7 .6 0 17.41
319 1977 9 5 10 5 2 0 .3 3 .1 2 5 1 2 8 .0 0 9 62  2 3 .7 6  2 4 .1 6 3 4 4 .1 1 1 5 .6 0 1 9 .7 9
91 1976 1 13 0 24 13.1 2 .9 2 3 1 2 8 .1 4 3 87  2 3 .5 3  2 4 .1 4 3 4 4 .3 0 1 5 .8 0 2 7 .2 5
134 1976 7 10 19 41 5 2 .7 3 .101 1 2 7 .1 3 0 52  2 3 .9 8  2 4 .2 9 3 4 2 .0 0 1 7 .0 0 16.81
130 1976 7 5 13 48 3 9 .5 3 .2 4 2 128 .201 92  2 3 .8 2  2 4 .4 7 3 4 4 .6 4 1 5 .6 0 2 8 .7 4
30 1977 2 22 17 38 51 .9 3 .3 0 6 1 2 6 .7 4 2 55  2 4 .2 8  2 4 .6 3 3 4 1 .2 5 1 6 .0 0 17 .71
128 1976 2 3 17 30 4 3 .3 3 .5 8 8 1 2 6 .6 8 5 47  2 4 .5 7  2 4 .8 5 3 4 1 .3 2 1 7 .3 0 1 5 .3 2
324 1977 9 13 7 14 6 . 2 2 .8 7 9 1 2 9 .0 1 9 148 2 3 .2 8  2 4 .4 2 3 46 .41 1 7 .4 0 4 5 .5 3
124 1976 6 26 7 4 4 9 .7 3 .6 3 2 1 2 6 .6 3 3 20  2 4 .6 3  2 4 .7 3 3 4 1 .2 3 1 6 .5 0 6 .7 1
142 1976 8 1 6 59 2 2 .2 3 .5 9 5 1 2 6 .7 4 3 61 2 4 .5 6  2 4 .9 5 3 4 1 .4 6 1 6 .8 0 1 9 .4 9
265 1975 12 27 22  52 5 7 .1 3 .3 3 5 1 2 6 .4 6 7 114 2 4 .4 0  2 5 .2 4 3 4 0 .6 3 1 5 .6 0 3 5 .3 2
132 1976 y 9 13 59 5 4 .1 3 .5 1 0 1 2 6 .6 8 3 75  2 4 .5 0  2 5 .0 0 3 4 1 .2 6 1 5 .6 0 2 3 .6 7
256 1975 12 2 23  22 2 8 .9 3 .1 1 5 1 2 5 .5 2 5 170  2 4 .5 0  2 5 .8 4 3 3 8 .3 2 1 5 .8 0 5 2 .1 5
147 1976 8 12 20  53 4 9 .1 3 .5 5 0 1 2 4 .3 2 5 357  2 5 .3 4  2 8 .5 8 3 3 6 .0 4 1 5 .7 0 109 .71
362 1976 10 9 22  8 4 4 .4 4 .3 5 0 1 2 4 .8 3 4 35  2 5 .8 9  2 6 .0 9 3 3 7 .8 1 1 6 .3 0 11 .61
343 1975 11 13 12 46 1 .9 4 .2 4 7 1 2 5 .4 2 9 66  2 5 .5 9  2 6 .0 2 3 3 9 .0 1 1 6 .9 0 2 0 .9 8
368 1976 10 26 12 51 2 9 .7 6 .2 4 3 1 2 6 .2 9 8 85  2 7 .2 0  2 7 .8 0 3 4 2 .2 6 1 6 .1 0 2 6 .6 6
369 1976 10 26 20  40 5 9 .0 4 .0 8 8 1 2 6 .6 5 7 77  2 5 .0 5  2 5 .5 7 3 4 1 .6 1 1 7 .0 0 2 4 .2 7
370 1976 10 30 15 53 5 7 .1 3 .6 7 3 1 2 5 .6 9 4 90  2 4 .9 6  2 5 .6 0 3 3 9 .1 5 1 6 .5 0 2 8 .1 5
122 1976 6 17 20  49 4 7 .1 4 .4 9 2 1 2 7 .7 9 7 98  2 5 .1 2  2 5 .8 3 3 4 4 .4 5 1 6 .4 0 3 0 .5 3
330 1977 12 14 17 42 4 3 .2 5 .2 3 6 1 2 5 .7 7 4 45  2 6 .4 1  2 6 .6 7 3 4 0 .4 9 1 6 .9 0 1 4 .7 2
342 1975 11 10 21 35 2 2 .2 4 .2 3 4 1 2 5 .5 2 4 74  2 5 .5 5  2 6 .0 4 3 3 9 .2 1 1 6 .3 0 2 3 .3 8
228 1975 10 26 10 41 31 .9 6 .5 7 8 1 2 6 .8 3 4 50  2 7 .3 7  2 7 .6 8 3 4 3 .5 8 1 6 .2 0 1 6 .2 2
254 1975 12 1 18 34 2 4 .3 4 .2 6 5 1 2 4 .7 3 7 328  2 5 .8 5  3 8 .7 6 3 3 7 .5 4 1 5 .5 0 1 0 0 .5 7
118 1976 6 2 5 57 3 9 .7 3 .7 4 2 1 2 6 .4 9 8 93  2 4 .7 7  2 5 .4 3 3 4 1 .0 1 1 6 .3 0 2 9 .0 4
119 1976 6 2 7 47 4 3 .0 3 .8 7 6 1 2 6 .6 0 2 33  2 4 .8 7  2 5 .0 5 3 4 1 .3 4 1 5 .2 0 1 0 .9 5
208 1976 10 26 16 44 1 3 .7 4 .0 6 3 1 2 6 .7 2 0 77  25 .0 1  2 5 .5 3 3 4 1 .7 4 1 5 .9 0 2 4 .2 7
193 1976 9 20 5 6 1 1 .6 3 .861 125 .731 181 2 5 .1 3  2 6 .5 7 3 3 9 .3 8 1 7 .2 0 5 5 .4 8
5 1977 1 19 13 54 4 . 5 5 .0 3 6 1 2 6 .5 5 3 50  2 5 .9 8  2 6 .2 8 3 4 2 .0 3 1 6 .1 0 1 6 .2 2
57 1977 4 17 13 43 31 .2 5 .7 8 0 1 2 6 .2 8 7 94  2 6 .7 7  2 7 .4 4 3 4 1 .9 4 1 6 .8 0 2 9 .3 4
198 1976 9 23 14 52 4 0 .9 5 .8 6 8 1 2 7 .0 5 4 73  2 6 .6 4  2 7 .1 3 3 4 3 .6 3 1 5 .3 0 2 3 .0 8
191 1976 9 14 18 51 4 4 .4 4 .1 2 7 1 2 6 .4 1 2 58  2 5 .1 6  2 5 .5 3 3 4 1 .0 9 1 5 .8 0 1 8 .6 0
149 1976 8 15 17 2 5 6 .9 5 .2 7 3 1 2 7 .4 9 6 142  2 5 .9 5  2 7 .0 4 3 4 4 .2 4 1 4 .8 0 4 3 .7 2
76 1977 6 19 7 32 1 3 .8 4 .6 5 2 1 2 4 .9 3 3 271 2 6 .1 4  2 8 .4 6 3 3 8 .2 7 1 5 .9 0 8 2 .9 5
178 1976 9 5 5 24 10.1 5 .6 1 2 1 2 6 .6 4 0 70  2 6 .5 0  2 6 .9 7 3 4 2 .5 8 1 6 .0 0 2 2 .1 8
187 1976 9 10 5 0 2 . 4 5 .641 1 2 6 .5 9 6 65  2 6 .5 5  2 6 .9 7 3 4 2 .5 1 1 5 .2 0 2 0 .6 9
29 1977 2 20 1 30 3 5 .9 5 .9 0 6 1 2 7 .1 0 0 33  2 6 .6 6  2 6 .8 4 3 4 3 .7 5 1 5 .7 0 1 0 .9 5
110 1976 4 1 3 36 3 4 .5 6 .1 5 5 1 2 6 .8 1 5 87  2 6 .9 7  2 7 .5 9 3 4 3 .2 9 1 5 .5 0 2 7 .2 5
123 1976 6 24 15 1 4 . 3 6 .1 5 3 126>. 100 147  2 7 .1 7  2 8 .3 1 3 4 1 .7 9 1 6 .0 0 4 5 .2 2
15 1977 1 31 23  53 3 . 7 5 .9 7 6 1 2 5 .3 0 3 142  2 7 .2 5  2 8 .3 4 3 4 0 .0 2 1 5 .9 0 4 3 .7 2
236 1975 11 8 14 53 3 2 .5 6 .6 4 8 1 2 6 .8 3 0 97  2 7 .4 4  2 8 .1 4 3 4 3 .6 1 1 6 .1 0 3 0 .2 3
353 1976 8 17 5 18 4 9 .3 6 .4 7 6 1 2 3 .9 3 7 32  2 8 .1 8  2 8 .3 6 3 3 7 .6 4 1 7 .3 0 1 0 .6 3
135 1976 7 16 4 4 1 1 .3 6 .2 7 5 1 2 5 .6 2 4 135  2 7 .4 3  2 8 .4 6 3 4 0 .8 9 1 6 .2 0 4 1 .6 1
113
L I L  157 1976 8 18 1 52  6.1 6 .441 1 2 3 .9 4 6 31 2 8 .1 5  2 8 .3 2 3 3 7 .6 3  1 5 .4 0 1 0 .3 0
156 1976 8 17 22 57  4 5 .8 6 .3 0 3 1 2 4 .0 4 8 63 2 7 .9 8  2 8 .3 9 3 3 7 .7 3  1 6 .4 0 2 0 .0 9
52 1977 4 13 5 28 5 8 .7 7 .2 7 9 1 2 6 .7 9 0 58 2 8 .0 6  2 8 .4 3 3 4 3 .8 8  1 5 .7 0 1 8 .6 0
145 1976 8 11 14 0 2 3 .7 7 .1 7 0 1 2 5 .8 4 9 60 28.21  2 8 .6 0 3 4 1 .9 2  1 6 .8 0 1 9 .2 0
355 1976 8 18 20 27  3 1 .6 6 .9 2 3 123.691 33  2 8 .6 9  2 8 .8 7 3 3 7 .5 0  1 6 .0 0 1 0 .9 5
373 1976 11 10 17 45 6 . 2 7 .8 4 8 1 2 6 .1 1 5 36  2 8 .7 8  2 8 .9 8 3 4 2 .8 5  1 6 .3 0 1 1 .9 3
263 1975 12 22 2 30  4 9 .7 7 .9 2 5 1 2 6 .6 8 8 70 2 8 .7 0  2 9 .1 7 3 4 4 .0 3  1 6 .2 0 2 2 .1 8
27 1977 2 15 21 47 8 . 8 7 .991 1 2 6 .5 1 2 74 28.81  29 .31 3 4 3 .7 2  1 6 .9 0 2 3 .3 3
250 1975 11 22 2 34 1 0 .6 8 .0 5 9 126.421 74 2 8 .9 0  2 9 .4 0 3 4 3 .5 8  1 7 .1 0 2 3 .3 8
59 1977 4 21 12 49  9 . 3 8 .4 9 6 1 2 6 .4 1 0 33  2 9 .3 2  2 9 .5 0 3 4 3 .7 9  1 6 .0 0 1 0 .9 5
348 1976 6 5 6 54 7 . 9 8 .4 3 0 1 2 6 .1 0 0 31 2 9 .3 4  29 .51 3 4 3 .1 5  1 6 .9 0 1 0 .3 0
103 1976 3 21 g  n n  o o  ~zU  A— A— A .A . W W 8 .5 6 4 1 2 5 .9 2 6 33  2 9 .5 2  2 9 .7 0 3 4 2 .3 9  1 6 .0 0 1 0 .9 5
195 1976 9 21 21 1 3 4 .8 9 .2 3 4 1 2 6 .3 9 3 33  3 0 .0 4  3 0 .2 2 3 4 4 .1 5  1 5 .4 0 1 0 .9 5
219 1976 12 21 4 17 1 4 .3 8 .9 7 3 1 2 6 .4 7 7 70  2 9 .7 6  3 0 .2 3 3 4 4 .1 8  1 5 .0 0 2 2 .1 8
38 1977 3 2 14 35  1 7 .0 8 .9 0 3 1 2 6 .3 5 6 84 2 9 .7 3  30 .31 3 43 .91  1 6 .0 0 2 6 .3 5
y 1977 1 20 20  51 1 4 .9 8 .3 9 0 1 2 3 .3 8 4 37  3 0 .1 6  3 0 .3 6 3 3 7 .9 9  1 6 .9 0 1 2 .2 6
257 1975 12 3 17 6 5 7 .0 9 .2 7 5 1 2 6 .2 7 8 69  3 0 .1 0  3 0 .5 3 3 4 3 .9 5  1 5 .6 0 21 .3 5
209 1976 10 28 0 11 2 3 .8 9 .9 0 9 1 2 6 .0 3 3 33  3 0 .7 8  3 0 .9 5 3 4 3 .8 2  1 5 .5 0 1 0 .7 7
153 1976 8 17 1 11 1 0 .2 1 0 .0 6 3 1 2 5 .8 6 6 34 3 0 .9 7  3 1 .1 4 3 4 3 .5 9  1 4 .6 0 11 .0 9
259 1975 12 ? 8 50  1 6 .5 9 .7 7 8 1 2 5 .9 3 0 88 3 0 .6 8  3 1 .2 5 3 4 3 .5 6  1 4 .7 0 26 .81
377 1976 12 4 22  42 51 .5 1 0 .2 4 6 1 2 5 .8 1 9 97 3 1 .1 5  31 .8 0 3 4 3 .6 0  1 4 .6 0 2 0 .3 9
260 1975 12 14 20  49 1 4 .7 9 .7 8 0 1 2 2 .5 6 0 49 3 1 .7 4  32 .01 3 3 7 .4 8  1 4 .6 0 1 5 .6 0
270 1975 11 15 20 18 4 7 .0 1 1 .5 3 3 1 2 6 .6 3 6 33 3 2 .1 9  3 2 .3 6 3 4 5 .7 0  1 5 .6 0 1 0 .7 7
222 1975 10 17 14 4 8 . 0 1 0 .2 6 4 121.801 38  3 2 .4 6  3 2 .6 6 3 3 6 .5 2  1 5 .4 0 1 2 .3 7
329 1977 12 14 8 47 5 1 .8 1 0 .0 0 3 1 2 5 .2 9 2 223  3 1 .0 7  3 2 .7 6 3 42 .51  1 5 .0 0 6 5 .7 9
258 1975 12 9 1 23 2 6 .9 6 .051 1 2 3 .7 2 3 548  2 7 .8 7  3 3 .2 6 3 3 6 .8 9  1 5 .7 0 1 6 5 .1 2
327 1977 11 27 2 19 5 2 .3 1 1 .8 0 0 1 2 5 .4 7 2 33  3 2 .7 3  3 2 .9 0 3 4 3 .7 7  1 4 .9 0 1 0 .7 7
252 1975 11 29 2 17 5 9 .8 1 1 .8 7 9 1 2 5 .8 6 7 64 32.71  3 3 .0 9 3 4 4 .5 0  1 5 .6 0 1 9 .9 2
326 1977 11 8 3 47 2 0 .3 1 2 .2 3 0 1 2 3 .9 0 8 33  3 3 .5 8  3 3 .7 5 34 1 .3 1  1 4 .6 0 1 0 .7 7
246 1975 11 15 20  39  2 5 .9 1 2 .9 4 6 1 2 5 .9 1 0 11 3 3 .7 2  3 3 .7 8 3 4 5 .0 6  1 5 .9 0 3 . 6 3
386 1978 3 11 2 59  2 4 .7 1 2 .7 4 0 1 2 5 .1 8 7 33  3 3 . 7 T 3 3 .8 8 3 4 3 .7 4  1 4 .1 0 1 0 .7 7
223 1975 10 21 17 12 2 3 .7 1 1 .7 0 7 1 2 1 .7 5 0 33  33.81  3 3 .9 8 3 3 7 .4 2  1 5 .3 0 1 0 .7 7
167 1976 8 25 12 29  5 4 .2 1 3 .0 4 5 1 2 4 .4 4 5 23  3 4 .2 0  3 4 .3 2 3 4 2 .6 4  1 4 .3 0 7 .5 7
73 1977 6 13 11 47 41 .4 1 3 .3 0 9 1 2 4 .6 4 5 35  3 4 .4 0  3 4 .5 8 3 4 3 .1 1  1 5 .8 0 11.41
389 1978 3 27 18 33  3 8 .9 6 .7 0 9 1 2 3 .5 5 8 602  2 8 .5 4  3 4 .7 4 3 3 7 .0 8  1 4 .8 0 183.21
238 1975 11 9 20  34 4 9 .8 1 3 .7 9 3 1 2 5 .0 9 8 33  3 4 .7 4  3 4 .91 3 4 4 .0 9  1 5 .2 0 1 0 .7 7
22 1977 2 4 10 21 47 .1 1 3 .3 6 0 1 2 3 .4 0 5 61 3 4 .8 0  3 5 .1 7 34 1 .1 1  1 5 .0 0 1 9 .0 5
217 1976 12 10 23 5 2 7 .2 1 3 .9 6 2 1 2 4 .8 2 9 33  3 4 .9 7  3 5 .1 4 3 4 3 .7 3  1 5 .0 0 1 0 .7 7
121 1976 6 7 9 21 8 . 4 14.081 1 2 4 .8 6 5 33  3 5 .0 8  3 5 .2 5 3 4 3 .8 4  1 4 .9 0 1 0 .7 7
120 1977 6 7 7 36  5 5 .4 1 4 .0 8 7 1 2 4 .8 2 9 33  3 5 .0 9  3 5 .2 6 3 4 3 .7 8  1 5 .5 0 1 0 .7 7
285 1976 8 19 19 4 7 .4 1 4 .4 5 0 1 2 3 .6 8 0 26  3 5 .7 5  3 5 .8 9 3 4 2 .1 2  1 4 .0 0 8 .5 3
395 1977 12 26 9 39  2 7 .0 1 4 .7 9 0 1 2 3 .7 1 0 27  3 6 .0 7  3 6 .21 3 4 2 .3 4  1 4 .6 0 8 .8 5
291 1976 9 22 9 8 3 3 .3 1 3 .7 8 6 1 2 0 .7 1 3 125 36.11  3 6 .9 7 3 3 7 .1 2  1 5 .1 0 3 7 .4 5
335 1975 10 8 10 27  3 6 .7 1 3 .9 3 8 1 2 0 .1 5 7 68 3 6 .4 5  3 6 .8 7 3 3 6 .3 8  1 4 .0 0 21 .0 7
390 1978 3 31 3 22  1 6 .8 14.591 1 1 9 .9 5 4 57  3 7 .1 3  3 7 .4 6 3 3 6 .4 9  1 5 .3 0 1 7 .9 0
318 1977 7 16 15 38  .8 1 4 .8 7 3 1 2 0 .0 0 5 72  3 7 .3 7  37 .81 3 3 6 .7 5  1 5 .3 0 2 2 .2 2
421 1977 5 21 5 35  2 2 .5 1 5 .6 9 9 1 2 0 .8 2 0 189 3 7 .8 4  3 9 .0 5 3 3 8 .4 4  1 3 .6 0 5 3 .3 3
310 1977 3 19 3 46  1 3 .9 1 6 .6 0 0 1 2 2 .6 6 7 33  3 8 .0 9  3 8 .2 6 3 4 1 .6 5  1 5 .7 0 1 0 .7 7
26 1977 2 13 4 7 1 4 .5 1 5 .6 7 9 1 1 9 .1 5 5 33 3 8 .4 2  3 8 .5 9 3 3 6 .0 3  1 5 .3 0 1 0 .7 7
388 1978 3 21 13 42 3 2 .5 1 7 .1 0 6 1 2 2 .4 1 0 43 3 8 .6 4  3 8 .8 5 3 4 1 .5 2  1 4 .9 0 13.51
287 1976 9 4 12 11 1 4 .2 1 5 .9 6 3 119.531 56  3 8 .5 4  3 8 .8 3 3 3 6 .7 4  1 3 .9 0 1 7 .0 7
210 1976 11 1 2 7 1 5 .6 15 .571 1 2 0 .9 7 7 208  3 7 .6 6  3 9 .0 2 3 3 8 .6 0  1 4 .0 0 5 8 .5 0
345 1975 12 6 5 13 1 4 .7 1 7 .4 8 0 1 1 9 .7 1 0 39 3 9 .8 7  4 0 .0 5 3 3 7 .8 9  1 5 .0 0 1 2 .3 8
81 1977 7 29 22  23 41 .2 1 8 .6 4 6 1 2 1 .0 5 5 40 40.51  4 0 .6 9 3 4 0 .3 8  1 5 .0 0 1 2 .6 9
397 1978 1 6 4 41 2 2 .2 1 8 .7 9 3 1 2 1 .8 9 5 33 4 0 .3 9  4 0 .5 4 3 4 1 .6 2  1 5 .1 0 10 .51
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L I L 3 4 6 19 7 5 12 18 6 12 3 8 . 5 1 9 . 0 9 9 1 2 1 . 3 4 1 33 4 0 . 8 5 41 . 0 0 3 4 1 . 0 0 1 4 . 7 0 1 0 . 5 1
361 1976 10 8 21 5 31 . 0 1 8 . 9 4 8 1 2 1 . 3 0 3 5 7 4 0 . 7 1 41 .01 3 4 0 . 8 8 1 4 . 7 0 1 7 . 3 4
308 1977 3 11 6 5 8 2 . 3 1 9 . 1 3 8 1 2 1 . 2 4 3 4 3 4 0 . 9 1 4 1 . 1 2 3 4 0 . 8 9 1 4 . 5 0 1 3 . 5 1
93 1976 1 22 16 «r 1 7 . 0 1 8 . 9 3 0 1 2 0 . 0 3 5 3 3 4 1 . 1 1 41 . 2 6 3 3 9 . 1 4 1 3 . 2 0 1 0 . 5 1
111 1976 4 9 10 2 3 1 8 . 8 1 9 . 7 7 2 1 2 2 . 5 2 9 191 4 1 . 1 4 4 2 . 3 6 ' 7$4 2 . ? 4 1 4 . 2 0 5 3 . 8 7
213 1976 12 11 1 6 2 4 . 9 2 0 . 9 7 4 1 2 0 . 3 2 6 21 4 2 . 9 2 4 3 . 0 2 3 4 0 . 5 7 1 4 . 1 0 6 . 7 6
383 1977 2 6 5 2 2 7 . 8 2 0 . 8 8 9 1 2 0 . 2 3 1 3 3 4 2 . 8 7 4 3 . 0 2 3 4 0 . 4 1 1 3 . 6 0 1 0 . 5 1
16 1977 1 ~7 19 3 6 4 6 . 9 2 1 . 1 7 3 1 2 0 . 2 7 6 33 4 3 . 1 2 4 3 . 2 7 3 4 0 . 6 1 1 4 . 4 0 1 0 . 3 8
404 19 77 10 19 2 2 3 9 3 4 . 3 2 2 . 6 0 8 1 2 1 . 6 1 4 15 8 4 4 . 0 8 4 5 . 0 1 3 4 2 . 9 7 1 2 . 8 0 4 3 . 3 5
393 1977 12 12 2 44 3 . 4 2 3 . 0 5 1 1 2 1 . 4 0 1 2 6 4 4 . 5 6 4 4 . 6 8 3 4 2 . 8 9 1 3 . 7 0 8 . 2 2
113 1976 4 14 14 0 4 6 . 0 2 3 . 2 2 1 1 2 0 . 7 5 3 3 3 4 4 . 9 1 4 5 . 0 5 3 4 2 . 1 6 1 3 . 5 0 1 0 . 3 8
290 1976 9 10 14 37 2 7 . 2 2 3 . 9 6 8 1 2 2 . 6 2 0 33 4 5 . 1 2 4 5 . 2 6 3 4 4 . 7 8 1 3 . 7 0 1 0 . 3 3
316 1977 7 15 2 12 5 4 . 4 2 4 . 0 5 1 1 2 2 . 2 1 4 3 3 4 5 . 3 0 4 5 . 4 4 3 4 4 . 3 1 1 3 . 6 0 1 0 . 3 8
394 1977 12 25 2 2 3 3 4 8 . 1 2 4 . 1 7 5 1 2 1 . 6 9 0 4 0 4 5 . 5 6 4 5 . 7 3 3 4 3 . 7 1 1 3 . 8 0 1 2 . 5 4
101 1976 3 20 1 6 5 8 . 7 2 4 . 2 8 4 1 2 1 . 8 0 0 4 0 4 5 . 6 3 4 5 . 8 0 3 4 3 . 8 9 1 3 . 0 0 1 2 . 5 4
392 1978 4 2 9 19 2 5 2 0 . 9 2 4 . 6 5 6 1 2 2 . 7 1 5 18 4 5 . 7 6 4 5 . 8 3 3 4 5 . 1 5 1 2 . 6 0 5 . 7 4
173 19 76 8 2 9 16 4 5 0 . 3 2 4 . 9 3 6 1 2 2 . 2 4 1 1 2 3 4 6 . 1 4 4 6 . 8 4 3 4 4 . 6 8 1 3 . 3 0 3 4 . 5 7
105 1976 3 21 2 3 10 4 2 . 6 2 4 . 7 9 2 1 2 2 . 5 8 8 124 4 5 . 9 2 4 6 . 6 2 3 4 5 . 0 5 1 4 . 6 0 3 4 . 8 4
296 1976 10 31 19 2 2 7 . 3 2 5 . 5 9 4 1 2 4 . 4 1 5 146 4 6 . 2 8 4 7 . 1 3 3 4 7 . 5 5 1 4 . 1 0 4 0 . 6 9
364 197 6 10 15 16 4 7 5 9 . 4 2 6 . 8 2 0 1 2 5 . 6 3 0 4 6 4 7 . 2 5 4 7 . 4 6 3 4 9 . 3 7 1 2 . 5 0 1 4 . 1 3
272 1976 6 2 10 2 4 31 . 8 2 5 . 2 8 6 1 2 2 . 2 0 0 2 1 5 4 6 . 4 9 4 7 . 7 9 3 4 4 . 7 6 1 3 . 7 0 5 8 . 9 7
371 19 76 11 2 19 2 9 3 0 . 0 2 6 . 7 0 4 1 2 5 . 2 2 0 2 1 8 4 7 . 2 1 4 8 . 5 4 3 4 8 . 8 4 1 3 . 0 0 5 9 . 7 8
500 19 7 8 12 2 3 11 2 3 1 2 . 0 2 3 . 2 4 7 1 2 2 . 0 7 5 3 3 4 4 . 5 7 4 4 . 7 1 3 4 3 . 8 2 1 3 . 3 0 1 0 . 3 8
503 19 79 7 2 2 5 31 3 3 . 3 1 3 . 8 5 8 1 2 4 . 5 3 7 4 8 3 4 . 9 5 3 5 . 2 2 3 4 3 . 2 0 1 5 . 6 0 1 5 . 3 1
502 19 79 7 7 21 2 6 . 8 5 . 2 1 0 1 2 7 . 2 9 5 129 2 5 . 9 4 2 6 . 9 2 3 4 3 . 7 6 1 6 . 3 0 3 9 . 8 2
504 1980 4 3 16 3 4 2 4 . 6 5 . 3 4 5 1 2 5 . 3 6 3 2 1 2 2 6 . 6 4 2 8 . 3 7 3 3 9 . 7 0 1 5 . 4 0 6 4 . 8 8
525 1980 1 3 0 0 3 8 6 . 9 3 . 7 3 4 1 2 2 . 5 4 3 6 0 6 2 6 . 2 4 3 2 . 4 3 3 3 2 . 4 9 1 5 . 4 0 1 8 4 . 3 6
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Tab!e 4.5
List of events from Region I I  .
EV. YEAR MO DY HR MI SEC LATITUD LONGITU HEP HIST EXHIS AZIMUT SLOUN T.COR.
NO. ( DEG.) ( HEG.) KM. (HEG) (HEG) (H E G .) SC/HG (SEC)
LH J119 1977 8 29 19 0 5 0 . 7  - 1 1 . 7 8 7 1 2 1 .4 3 0 33 1 4 .8 4  15.21 3 0 1 .2 0 2 2 .0 0 11 .6 0
133 1978 1 14 14 55 5 2 .1  - 1 0 . 8 1 4 1 1 3 .5 0 9 42 2 2 .0 3  2 2 .3 2 2 9 1 .2 5 1 8 .6 0 1 4 .7 3
73 1976 7 14 10 23 4 5 .8  - 8 . 1 2 7 1 1 4 .8 6 2 33 2 2 .2 3  2 2 .4 5 2 9 9 .1 7 1 8 .3 5 11 .6 0
72 1976 7 4 7 13 2 4 . 0  - 8 . 1 7 0 1 1 4 .8 8 8 40 2 2 .1 8  2 2 .4 5 299 .11 1 8 .8 0 1 4 .0 3
24 1976 8 6 18 27 3 6 . 8  - 7 . 6 8 6 1 1 6 .8 3 0 73 2 0 .9 0  2 1 .5 2 3 0 3 .2 3 1 8 .0 0 Oe-. n~tJ ■ 4m./
83 1976 9 8 16 37 5 3 . 5  - 8 . 6 0 6 1 2 0 .0 6 2 153 1 7 .8 4  2 0 .0 9 3 0 7 .1 7 2 0 .6 0 6 7 .8 1
12 1976 12 15 22 59 5 3 . 5  - 8 . 2 3 6 119 .541 163 1 8 .4 7  2 0 .81 3 0 6 .9 9 21 .7 0 7 0 .1 3
115 1977 8 19 12 21 1 1 .3  - 1 1 . 4 5 8 117 .721 33 1 8 .0 9  1 8 .3 5 2 9 5 .3 3 2 0 .8 0 1 2 .5 0
120 1977 8 30 12 58 5 6 .0  - 9 . 9 1 3 1 1 7 .7 1 7 33 1 8 .9 0  1 9 .1 6 2 9 9 .4 4 2 0 .2 0 1 2 .5 0
112 1977 8 19 20 27 4 7 .2  - 1 0 . 6 7 1 ' 1 1 9 .0 4 4 33 1 7 .3 9  1 7 .6 6 2 9 9 .7 6 1 9 .9 0 1 2 .5 0
116 1977 8 21 7 51 3 7 . 0  - 1 1 . 1 0 7 1 1 9 .3 3 6 33 1 6 .9 2  1 7 .1 8 2 9 9 .0 7 21 .3 8 1 2 .5 0
15 1976 o 5 20 33 1 9 .0  - 8 . 1 5 6 1 2 0 .6 2 3 68 1 7 .7 2  1 8 .4 6 3 0 9 .4 8 1 9 .3 0 2 6 .9 3
113 1977 8 19 10 50 3 4 .7  - 1 0 . 8 4 4 1197232 33 1 7 .1 5  17.41 2 9 9 .6 3 2 0 .1 3 1 2 .5 0
126 1977 9 15 11 13 2 4 .9  - 1 0 . 4 0 2 1 1 7 .4 4 8 33 1 8 .8 6  1 9 .1 2 2 9 7 .7 4 2 0 .2 0 1 2 .5 0
114 1977 8 1 9 1 1  33 2 7 . 8  - 1 1 . 0 1 3 1 1 8 .7 2 8 33 1 7 .4 7  1 7 .7 3 2 9 8 .2 3 2 1 .1 3 1 2 .5 0
13 1976 10 27 4 17 3 7 . 3  - 8 . 6 9 7 1 1 8 .3 2 9 96 19.11 2 0 .3 0 3 0 3 .5 4 1 9 .9 0 3 9 .3 4
58 1976 5 8 5 31 3 7 .4  - 8 . 3 9 4 1 1 2 .5 9 4 91 2 3 .9 8  2 4 .6 3 2 9 5 .5 3 1 6 .7 0 2 8 .4 4
50 1975 12 28 15 24 5 0 . 8  - 7 . 9 7 8 1 1 5 .0 7 0 196 2 2 .1 4  2 3 .7 2 2 9 9 .8 0 1 7 .6 3 6 0 .0 2
45 1975 11 6 1 34 2 7 . 7  - 8 . 1 3 0 1 1 4 .2 8 4 170 2 2 .7 0  2 4 .0 5 2 9 8 .3 3 1 7 .3 8 5 2 .1 5
130 1977 11 9 5 25 2 4 . 5  - 7 . 9 6 2 1 1 3 .3 9 7 162 2 3 .5 3  2 4 .8 0 2 9 7 .4 7 1 6 .5 0 4 9 .7 5
107 1977 8 14 9 54 3 4 . 9  - 7 . 4 0 0 1 1 3 .8 2 4 246 2 3 .4 9  2 5 .5 6 1 9 9 .2 3 1 6 .8 8 7 5 .2 7
32 1976 1 23 5 45 3 0 . 5  - 7 . 4 7 8 1 1 9 .9 0 5 614 1 8 .7 0  2 6 .0 0 309 .51 1 7 .0 0 2 0 1 .6 6
28 1976 1 4 3 56 5 5 .1  - 1 0 . 1 4 0 1 0 9 .0 8 0 48 2 6 .2 5  2 6 .5 3 2 8 8 .1 0 1 6 .5 0 1 5 .6 2
136 1978 2 17 6 34 5 7 . 9  - 7 . 0 1 9 1 1 7 .0 8 8 621 21 .11  2 8 .5 6 3 0 5 .1 2 1 7 .4 0 2 0 4 .7 9
108 1977 8 14 21 38 5 1 . 5  - 7 . 7 6 3 1 0 7 .5 6 7 33 2 8 .6 3  2 8 .81 2 9 1 .2 6 1 7 .1 0 1 0 .9 5
31 1976 1 9 21 32 1 5 .5  - 7 . 8 3 0 1 0 8 .2 1 0 94 2 8 .0 4  2 8 .7 1 2 9 1 .7 6 1 7 .5 0 2 9 .3 4
9 1977 6 8 21 18 3 . 2  - 5 . 8 8 2 1 1 3 .0 7 6 636 2 4 .9 6  3 1 .7 8 3 0 1 .1 9 1 4 .2 5 1 9 5 .6 9
122 1977 9 10 13 39 1 . 7  - 6 . 5 7 2 1 0 7 .0 8 8 105 29 .61  3 0 .3 2 2 9 2 .9 3 1 5 .3 0 31 .6 9
98 1977 6 8 21 58 3 7 .3  - 5 . 8 8 0 1 1 3 .1 2 0 643 2 4 .9 3  3 1 .9 0 3 0 1 .2 6 1 4 .9 0 1 9 8 .5 6
19 1976 4 8 10 42 5 3 .0  - 5 . 6 0 8 1 1 1 .5 2 3 503 2 6 .3 8  3 1 .1 4 2 9 9 .6 4 1 5 .6 0 1 5 0 .5 9
139 1978 5 11 14 1 3 3 .9  - 5 . 4 1 4 1 0 4 .1 2 4 83 3 2 .7 5  3 3 .2 8 2 9 2 .1 0 1 5 .3 0 2 5 .3 8
55 1976 3 28 16 24 4 1 .2  - 5 .0 0 1 1 0 5 .0 5 2 179 3 2 .1 5  3 3 .4 5 2 93 .61 1 5 .4 0 5 3 .0 5
39 1975 12 13 4 28 6 . 6  - 5 . 4 3 4 1 1 0 .7 5 4 605 27 .11  3 3 .3 6 2 9 8 .9 9 1 5 .0 0 1 8 4 .2 5
88 1976 12 10 20 34 3 0 .7  - 4 . 7 2 0 1 0 3 .3 7 0 89 3 3 .7 4  3 4 .3 2 2 9 2 .5 3 1 4 .3 0 2 7 .0 9
137 1978 2 18 3 43 14.1  - 4 . 6 0 0 1 0 2 .9 4 0 52 3 4 .1 7  3 4 .4 7 2 9 2 .3 4 1 5 .5 0 1 6 .4 6
103 1977 6 25 6 39 1 8 .3  - 4 . 6 0 0 1 0 2 .2 3 4 47 3 4 .7 9  3 5 .0 5 2 9 1 .7 4 1 5 .4 0 1 5 .0 2
47 1975 11 20 0 50 4 . 7  - 4 . 4 0 5 1 0 2 .4 0 6 58 3 4 .7 3  3 5 .0 8 2 9 2 .1 8 1 5 .1 0 1 8 .1 9
131 1977 11 18 10 17 4 1 .0  - 4 . 3 5 3 1 0 2 .0 2 2 33 3 5 .0 9  3 5 .2 6 2 9 1 .9 4 1 5 .7 0 1 0 .7 7
3 1977 9 5 15 13 5 . 6  - 3 . 9 1 6 1 0 3 .7 0 6 162 3 3 .8 5  3 5 .0 2 2 9 4 .0 8 1 5 .0 0 4 8 .1 3
36 1977 12 20 9 53 3 3 .0  - 4 . 3 4 0 1 0 2 .4 5 0 82 3 4 .7 3  3 5 .2 5 2 9 2 .3 2 1 5 .4 0 2 5 .0 9
135 1978 2 5 18 18 1 5 .8  - 3 . 4 2 0 1 0 4 .3 0 3 294 3 3 .5 9  3 5 .9 3 2 9 5 .3 9 1 5 .7 0 8 6 .5 1
4 1977 8 15 16 41 5 . 8  - 2 . 9 9 5 1 01 .711 88 3 6 .0 3  3 6 .6 0 2 9 3 .6 9 1 5 .0 0 2 6 .8 1
99 1977 6 10 2 35 1 4 .0  - 3 . 1 0 2 1 0 1 .4 8 6 33 3 6 .1 7  3 6 .3 4 2 9 3 .3 4 1 5 .7 0 1 0 .7 7
41 1975 10 23 20 12 4 9 .3  - 3 . 3 1 8 1 0 0 .7 5 3 37 3 6 .7 0  3 6 .8 9 2 9 2 .4 2 1 5 .5 0 1 2 .0 5
59 1976 5 9 7 50 4 6 .0  - 2 . 7 9 0 1 0 1 .6 6 0 92 3 6 .1 8  3 6 .7 8 2 9 3 .9 4 1 5 .4 0 2 7 .9 6
102 1977 6 24 16 20 3 0 .3  - 2 . 2 6 8 1 0 0 .8 3 3 53 3 7 .1 5  3 7 .4 6 2 9 3 .9 8 1 5 .0 0 1 6 .7 5
105 1977 7 29 21 6 0 . 0  - 2 . 4 1 0 9 9 .9 4 0 42 3 7 .8 5  3 8 .0 7 2 9 3 .0 5 1 4 .7 0 1 3 .5 8
70 1976 6 30 14 44 5 1 .1  - 2 . 1 1 3 1 0 1 .9 4 7 138 3 6 .2 8  3 7 .2 5 2 9 5 .1 7 1 4 .9 0 41 .1 8
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L H J  ? 2 1 9 7 6 12 16 72 12 11 . 0 - 1 . 7 5 8 9 9 . 4 5 2 3 3 3 8 . 6 0 70 *7*^  ou • / -J 2 9 3 . 5 5 1 4 . 5 0 1 0 . 5 1
96 1 9 7 7 1 12 2 3 3 5 1 9 . 1 1 . 5 7 7 9 9 . 8 5 8 1 7 3 4 0 . 0 2 4 1 . 1 6 2 9 8 . 3 2 1 4 . 6 3 5 0 . 3 2
2 8 9 1 9 7 6 9 7 2 2 ~7 1 6 . 5 2 . 7 2 5 9 9 . 2 1 7 1 7 5 41  . 2 0 4 2 . 3 1 2 9 9 . 2 1 1 4 . 8 0 4 9 . 5 0
1 3 8 1 9 7 8 4 ~7 27 4 8 7 . 6 3 . 2 3 9 9 6 . 4 7 3 72 4 3 . 7 5 4 3 . 8 5 2 9 7 . 5 7 1 2 . 8 0 6 . 9 9
61 1 9 7 6 6 2 0 2 0 5 3 9 . 0 3 . 4 0 0 9 6 . 2 8 0 3 3 4 4 . 0 0 4 4 . 1 4 2 9 7 . 6 1 1 2 . 9 0 1 0 . 3 8
86 1 9 7 6 10 3 0 9 2 4 4 0 . 1 3 . 5 4 1 9 6 . 2 7 8 14 4 4 . 0 8 4 4 . 2 4 2 9 7 . 7 7 1 4 . 0 0 4 . 4 6
67 1 9 7 6 6 2 2 11 5 9 5 . 2 3 . 3 5 0 9 6 . 1 7 0 3 6 4 4 . 0 7 4 4 . 2 3 2 9 7 . 4 6 1 4 . 0 0 1 1 . 4 4
11 1 9 7 6 11 3 7 15 4 7 . 8 4 . 0 3 0 9 5 . 1 4 4 6 0 4 5 . 2 9 4 5 . 5 9 2 9 7 . 4 6 1 2 . 8 0 1 7 . 8 8
43 1 9 7 5 11 5 10 4 0 5 . 9 7 . 2 4 5 9 4 . 3 6 7 3 0 4 7 . 7 3 4 7 . 8 6 3 0 0 . 5 1 1 3 . 1 0 9 . 4 6
CDr*-* 1 9 7 6 8 Cj 13 3 7 1 6 . 7 6 . 9 3 2 9 4 . 3 1 2 1 0 6 4 7 . 6 2 4 8 . 2 1 3 0 0 . 1 7 1 3 . 2 0 3 0 . 0 8
89 1 9 7 6 12 11 18 8 2 . 0 7 . 6 5 0 9 3 . 9 0 0 Q 4 8 . 3 4 4 3 . 3 7 3 0 0 . 5 9 1 2 . 8 0 2 . 5 5
1 04 1 9 7 7 7 2 2 6 . 4 0 3 3 . 0 9 . 2 7 0 9 3 . 0 4 0 6 6 4 9 . 9 7 5 0 . 3 0 3 0 1 . 6 7 1 3 . 8 0 1 9 . 4 8
57 1 9 7 6 4 21 19 o 5 9 . 6 1 0 . 2 8 1 9 2 . 8 7 5 3 3 5 0 . 6 9 5 0 . 8 3 3 0 2 . 6 0 1 2 . 9 0 1 0 . 3 8
30 1 9 7 6 1 7 13 8 3 4 . 8 4 . 0 7 0 9 6 . 3 3 0 5 5 4 4 . 3 3 4 4 . 5 9 2 9 8 . 4 4 1 2 . 5 0 1 6 . 5 4
2 0 5 1 9 7 9 1 2 5 2 3 5 2
o c* 
jL . U - 7 . 1 9 3 1 2 0 . 0 5 1 c*ir*7J J / 1 8 . 7 9 2 5 . 0 2 3 1 0 . 4 6 1 6 . 9 0 1 7 9 . 4 2
2 0 2 1 9 8 0 4 3 10 18 21  . 0 - 5 . 5 8 9 1 0 3 . 1 6 7 3 3 3 3 . 5 0 3 3 . 6 7 2 9 0 . 9 9 1 4 . 7 0 1 0 . 7 7
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Any s low ness  a n o m a l ie s  i f  p r e s e n t ,  a r e  no t  e a s i l y  i d e n t i f i e d .  To 
p roduce  a b e t t e r  i l l u s t r a t i o n ,  t h e  f i r s t - a r r i v a l  s low ness  d a t a  i s  
p l o t t e d  segment by se gm e n t .  Because t h e  s lo w ne ss  v a l u e s  o f  a r r i v a l s  a t  
t h e  same d i s t a n c e  sho u ld  be t h e  same, g r o u p in g  and a v e r a g i n g  o f  t h e  d a t a  
w i t h i n  0 .5  o r  1 d e g r e e  d i s t a n c e  i n t e r v a l s  enhance  t h e  a p p e a r a n c e  o f  any 
a n o m a l ie s  and shows t h e  t r e n d s  o f  each  b r a n c h .  To pe r fo rm  t h i s  
o p e r a t i o n  t h e  s low ness  d a t a  o f  each  segment  i s  g rouped  i n  e i t h e r  a 0 . 5  
o r  1 d e g re e  window ( d e p e n d in g  on t h e  number o f  e v e n t s )  and t h e  a v e ra g e  
v a l u e  o f  each  window l o c a t i o n  i s  c o n s i d e r e d  t o  r e p r e s e n t  t h e  a v e ra g e  
m easured  v a l u e  i n  t h e  c o r r e s p o n d i n g  i n t e r v a l .  The f i r s t  a r r i v a l  b r a n c h  
on t h e  g rouped  d a t a  p l o t  i s  i n d i c a t e d  by drawing  l i n e  segments  which 
pa s s  t h ro u g h  a l l  t h o s e  c o r r e s p o n d i n g  p o i n t s .  The a n a l y s i s  i s  t h e n  
c a r r i e d  ou t  by i n c l u d i n g  a p p r o p r i a t e  r e c o r d s  which a r e  p l a c e d  on t h e  
s y n t h e t i c  t r a v e l - t i m e  b r a n c h  i n  t h e  n e ig hbou rhood  o f  t h e  anomaly o f  
i n t e r e s t .
4 . 2 . 1  The d i s t a n c e  r a n g e  12 .5  t o  22 .75  d e g r e e s .
In  t h i s  d i s t a n c e  r a n g e ,  S waves from s h a l l o w  e a r t h q u a k e s  a r e  b o t h  
v e r y  complex and n o i s y .  They a r e ,  how ever ,  much c l e a r e r  f o r  d e e p e r  
e v e n t s .  Because  t h e  t im e  s e p a r a t i o n  be tw een  P and S i s  s m a l l ,  t h e  n o i s e  
comes from t h e  P c o d a .  The c o m p l e x i t y  i s  ca use d  by  o t h e r  ph a s es  (which 
a r e  n o t  S) a r r i v i n g  i n  t h e  S-wave t r a i n .  The d i f f i c u l t y  i n  i d e n t i f y i n g  
t h e  S o n s e t  a t  t h e s e  s m a l l e r  d i s t a n c e s  i s  m en t ione d  by J e f f r e y s  and 
B u l l e n  (1940)  i n  t h e  i n t r o d u c t i o n  t o  t h e i r  S e i s m o l o g i c a l  T a b l e s .
F i g u r e s  4 . 7  and 4 . 8  show S-wave r e c o r d s  o f  two e v e n t s  from t h e  
Banda Sea r e g i o n .  The r e c o r d s  a r e  phased  u s i n g  s low ness  v a l u e s  which 
a r e  c l o s e  t o  t h o s e  o f  t h e i r  c o r r e s p o n d i n g  f i r s t  a r r i v a l s .  The v e r t i c a l  
r e c o r d  i s  much c l e a r e r  t h a n  t h e  h o r i z o n t a l s  s i n c e  i t  i s  formed from t h e
o u t p u t  o f  20 c h a n n e l s ,  w h i l e  t h e  h o r i z o n t a l s  a r e  formed b y ,  a t  m o s t ,  5
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c h a n n e l s .  In  b o t h  f i g u r e s  t h e  S-wave t r a i n s  c o n t a i n  a l o t  o f  e n e rg y  
w i t h  a P-  o r  R a y le igh -w a ve  p o l a r i z a t i o n ,  as  i s  i n d i c a t e d  by t h e  p o s i t i v e
peaks  in t h e  RZ p l o t .  These u n e x p l a i n e d a r r i v a l s have  a lm os t t h e same
s lo w n e ss v a l u e s  as  S, which i n d i c a t e s  t h a t t h e r e  must be some
r e l a t i o n s h i p  be tw een  them and S . S - t o - P c o n v e r s i o n  a t  t h e "Moho" or
o t h e r  c r u s t a l  l a y e r s  c a n n o t  be used t o  e x p l a i n  t h e s e  P phase  a r r i v a l s ,  
s i n c e  t h e  s low ness  v a l u e s  a r e  t o o  h i g h  ( u s i n g  c r i t i c a l  a n g le  r e f l e c t i o n  
c r i t e r i a )  t o  a l l o w  S - t o - P  c o n v e r s i o n .  The most  l i k e l y  p o s s i b i l i t y  i s  
t h a t  t h e y  a r e  a form o f  SP, t h e  c o n v e r s i o n  o c c u r r i n g  b e c a u s e  o f  s u r f a c e  
t o p o g r a p h i c  e f f e c t s .  For  exam ple ,  SP p h a s e s  may o c c u r  and a r r i v e  
e a r l i e r  t h a n  S i f  t h e  E a r t h ' s  s u r f a c e  i s  n o t  h o r i z o n t a l  b u t  d i p p i n g  
s l i g h t l y .  A l t e r n a t i v e l y  t h e s e  SP p h a s e s  may be p roduced by s c a t t e r i n g .  
In  e i t h e r  c a s e ,  t h e  i n c i d e n t  S-wave w i l l  p roduce  c o m p r e s s i o n a l  e n e rg y  
whose minimum v e l o c i t y  must  be t h a t  o f  t h e  n e a r - s u r f a c e  P-wave v e l o c i t y  
( s e e  F i g u r e  4 . 9 ) .  I f  t h e r e  a r e  many p l a c e s  on t h e  E a r t h ' s  s u r f a c e  
b e tw e en  t h e  e p i c e n t r e  and t h e  s t a t i o n  which ha v e  t h e  a p p r o p r i a t e  
t o p o g r a p h y ,  a c o n s i d e r a b l e  amount o f  P-wave e n e r g y  may be g e n e r a t e d .  
A l s o ,  i f  t h e  problem i s  c o n s i d e r e d  t o  be two d i m e n s i o n a l  r a t h e r  t h a n  
s i n g l e  d i m e n s i o n a l ,  P-wave e n e r g y  may a r r i v e  b o t h  b e f o r e  and a f t e r  t h e  S 
a r r i v a l s .  SP p r e c u r s o r s  t o  t h e  S-wave t r a i n  may be g e n e r a t e d  i n  t h e  
d i s t a n c e  r a n g e  i n  which t h e  s low ness  v a l u e s  o f  t h e  i n c i d e n t  s h e a r  waves 
a r e  g r e a t e r  t h a n  o r  e q u a l  t o  t h e  s lo w n e ss  o f  t h e  n e a r - s u r f a c e  P-wave,  
which i s  abou t  21 .3  s e c / d e g .  Th is  e x p l a n a t i o n  i s  a l s o  c o n s i s t e n t  w i th  
t h e  o b s e r v a t i o n s  o f  J e f f r e y s  and B u l l e n  ( s e e  t h e  i n t r o d u c t i o n  t o  t h e i r  
t r a v e l - t i m e  t a b l e s )  t h a t  t h e  sh e a r -w a v e  r e c o r d s  from s h a l l o w  e v e n t s  a r e  
complex ou t  t o  a d i s t a n c e  o f  a bou t  25 d e g r e e s .  F i g u r e  4 . 9  
d i a g r a m a t i c a l l y  i l l u s t r a t e s  t h e  p r o c e s s  o f  P-wave g e n e r a t i o n  by i n c i d e n t  
S-waves due t o  t o p o g r a p h i c a l  e f f e c t s  a t  t h e  E a r t h ' s  s u r f a c e .
Deeper  e v e n t s  may a l s o  p roduce  t h e  above p r e c u r s o r s  i f  t h e  a r r i v i n g
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S-waves have  s low ness  v a l u e s  which a r e  g r e a t e r  t h a n  o r  e q u a l  t o  t h e  
s lo w ne ss  o f  n e a r  s u r f a c e  P-waves .  Most n e a r - d i s t a n c e  S-wave r e c o r d s  o f  
s h a l l o w  e v e n t s  g a t h e r e d  i n  t h i s  s t u d y  have  P-wave e n e r g y  p r e s e n t  as 
p r e c u r s o r s ,  which c a u s e s  d i f f i c u l t i e s  i n  i d e n t i f y i n g  t h e  f i r s t  S p h a s e .  
However , i f  t h e  t r a n s v e r s e  component  i s  a v a i l a b l e  o r  any i n d i c a t i o n  o f  
n e g a t i v e  RZ v a l u e  i n  t h e  b e g i n n i n g  o f  t h e  S wave a r r i v a l  g roup  i s  shown, 
t h e s e  can  be used to  i d e n t i f y  t h e  f i r s t  S p h a s e .  By e x p e r i e n c e  i t  h a s  
been  found t h a t  t h e  r e s u l t  o f  such  an i d e n t i f i c a t i o n  must  be 
d o u b l e - c h e c k e d  u s i n g  t h e  a r r i v a l  p a t t e r n  o b t a i n e d  from t h e  t h e o r e t i c a l  
t r a v e l - t i m e  c u r v e .  The e x i s t e n c e  o f  each  b r a n c h  o f  t h e  t r a v e l - t i m e  
c u rv e  must  a l s o  be  c l e a r l y  c o n f i r m e d  u s i n g  r e c o r d s  o f  d e e p e r  e v e n t s .  
For  exam ple ,  t o  c o n f i r m  t h e  e x i s t e n c e  o f  a phase  produced  by r a y s
b o t to m in g  a t  a d e p t h  be low  200 km, e v e n t s  w i t h  f o c a l  d e p t h s  b e tw een  150
and 200 km must  show t h i s  phase  c l e a r l y  as  t h e  f i r s t  a r r i v a l .  Th is
method o f  c o n f i r m a t i o n  can  a l s o  be used f o r  o t h e r  b r a n c h e s  such as  t h o s e  
from r a y s  which b o t tom  a t  d e p t h s  be lo w  t h e  300-km and 400-km
d i s c o n t i n u i t i e s .
F i g u r e  4 . 7  shows e v e n t  LIL507 from n e a r  Tanimbar  I s l a n d  i n  t h e
Banda Sea r e g i o n .  The v e r t i c a l - c o m p o n e n t  r e c o r d  i s  formed by 20 s t a c k e d  
c h a n n e l s  w h i l e  t h e  h o r i z o n t a l - c o m p o n e n t  r e c o r d s ,  which c o n t a i n  more 
n o i s e ,  a r e  formed from o n l y  3 s t a c k e d  c h a n n e l s .  The RZ t r a c e ,  even 
though  i t  ha s  been  produced  u s i n g  a n o i s y  h o r i z o n t a l  r e c o r d ,  s t i l l  
i n d i c a t e s  t h a t  t h e  c o n t e n t s  a r e  S p h a s e s  w i th  some d i s t u r b a n c e s  o f  P 
e n e r g y .  The f i r s t  n e g a t i v e  peak i n  t h e  b e g i n n i n g  o f  t h e  f i r s t  a r r i v a l  
group h a s  been  p i c k e d  t o  be  t h e  f i r s t  S a r r i v a l ,  a judgem ent  which i s  
s u p p o r t e d  by t h e  d e f l e c t i o n  on t h e  t r a n s v e r s e  component  r e c o r d .  
F u r t h e r m o r e ,  t h e  m easu red  s low ness  v a l u e s  a t  t h e  p o s i t i o n s  o f  t h e  
n e g a t i v e  RZ pe aks  in  t h e  f i r s t  30 seconds  o f  t h e  t r a c e  a g r e e  w i th  t h e  
e x p e c t e d  a r r i v a l  t im e s  o f  p h a s e s  which have  been  p r e d i c t e d  from t h e  S
123
t r a v e l - t i m e  c u r v e  d e r i v e d  from t h e  CAP8 P-wave m o d e l .
In  F i g u r e  4 . 8 ,  e v e n t  LIL505 i s  o f  much b e t t e r  q u a l i t y  even though  
t h e  d i f f i c u l t y  o f  p i c k i n g  t h e  f i r s t  S o n s e t  r e m a i n s .  As t h e  c l e a r  f i r s t  
a r r i v a l  shown by t h e  v e r t i c a l  r e c o r d  h a s  p o s i t i v e  v a l u e s  i t  c a n n o t  be 
t h e  f i r s t  S p h a s e .  The f i r s t  S phase  i s  t h e n  p i ck e d  one second l a t e r  
s i n c e  i t  i s  s u p p o r t e d  by s m a l l  n e g a t i v e  RZ v a l u e  and a s i g n i f i c a n t  
d e f l e c t i o n  on t h e  t r a n s v e r s e  component ,  and t h e  measured  s low ness  a t  
t h i s  p o s i t i o n  i s  more a p p r o p r i a t e  t h a n  t h e  one measured  from t h e  f i r s t  
o n s e t  ( 2 2 .7 5  s e c / d e g  r a t h e r  t h a n  23 .3  s e c / d e g ) .
Because o f  t h e  r e c o r d  q u a l i t y  t h e  prob lem o f  p i c k i n g  f i r s t  S o n s e t s  
f rom e v e n t s  which have  no h o r i z o n t a l  component  i n  t h i s  d i s t a n c e  r a n g e  i s  
b a s e d  m a i n l y  on t h e  m ea su red  s low ness  v a l u e s  o f  a l l  p h a s e s  and th e  
t r i a l - a n d - e r r o r  p r o c e d u r e  d e s c r i b e d  on s e c t i o n  3 . 4 . 3 .  3-component  
r e c o r d s  o f  a v a i l a b l e  e v e n t s  have  t h e n  be used t o  c o n t r o l  t h e  a r r i v a l  
s e q u en c e  o f  ph a s es  from o t h e r  e v e n t s  a t  n e a r b y  d i s t a n c e s .  F i g u r e  4 .1 0  
p r e s e n t s  t h e  m easured  f i r s t - a r r i v a l  s lo w n e ss  v a l u e s  o f  e v e n t s  w i t h i n  t h e  
d i s t a n c e  r a n g e  12 .5  t o  22 .7 5  d e g r e e s .  Th is  f i g u r e ,  i n  g e n e r a l ,  shows a 
t r e n d  o f  d e c r e a s i n g  s lo w n e ss  v a l u e  w i t h  i n c r e a s i n g  d i s t a n c e .  In  t h e  
d i s t a n c e  r a n g e  12 .5  t o  19 .25  d e g r e e s ,  two b r e a k s  i n  s lo w n e ss  v a l u e s  a r e  
i n f e r r e d  a t  d i s t a n c e s  o f  a bou t  14 .0  and 17 .5  d e g r e e s .  Three
f i r s t - a r r i v a l  b r a n c h e s ,  s e p a r a t e d  by t h o s e  two b r e a k s  and named as  
b r a n c h e s  A, B, C a r e  t h e  m ain  b r a n c h e s  on t h e  t r a v e l - t i m e  c u r v e  i n  t h i s  
d i s t a n c e  r a n g e .  The e x i s t e n c e  o f  t h e s e  b r a n c h e s  h a s  b e e n  d i f f i c u l t  t o  
v e r i f y  due t o  t h e  complex s h e a r - w a v e  t r a i n s  and t h e  d i f f i c u l t y  o f  
i d e n t i f y i n g  t h e  f i r s t  S a r r i v a l s .  However,  by  a p p l y i n g  a 
t r i a l - a n d - e r r o r  p r o c e d u r e ,  which  h a s  be e n  c o n s t r a i n e d  by  r e c o r d s  from 
deep  e v e n t s ,  t h e  a r r i v a l  s e q u en c e  can  be  u n s c r a m b le d .
To p r e s e n t  e v id e n c e  f o r  t h e  e x i s t e n c e  o f  t h e s e  b r a n c h e s ,  p r o c e s s e d  
o u t p u t s  o f  S r e c o r d s  w i l l  be  d i s p l a y e d .  In  each  f i g u r e ,  t h e  S r e c o r d  i s
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p l o t t e d  i n  two o r  t h r e e  o u t p u t  g r o u p s ,  t h e  l i n e a r  sum, t h e  N t h - r o o t  sum 
and t h e  TAP t r a c e s  f o r  v a r i o u s  s lo w n e ss  v a l u e s .  For  t h o s e  e v e n t s  fo r
which h o r i z o n t a l  component  d a t a  a r e  a v a i l a b l e  t h e  c o r r e s p o n d i n g  RZ 
t r a c e ,  phased  by a s lo w n e ss  c l o s e  t o  t h e  f i r s t - a r r i v a l  s lo w n e ss  v a l u e ,  
i s  a l s o  shown. For e xa m p le ,  F i g u r e  4 .1 1  shows a r e c o r d  o f  e v e n t  LIL056 
which h a s  been  phased  t o  f i v e  d i f f e r e n t  s lo w n e ss  v a l u e s .  The t h r e e  
columns o f  numbers  on t h e  l e f t - h a n d  s i d e  o f  t h e  f i r s t  o u t p u t  g roup  a r e  
t h e  c o r r e s p o n d i n g  s lo w n e s s  v a l u e  ( s e c / d e g ) ,  a p p a r e n t  v e l o c i t y  (k m /s ec )  
and t h e  n o r m a l i z a t i o n  s c a l e  o f  t h a t  t r a c e  r e s p e c t i v e l y .  Each t r a c e  o f  
each  o u t p u t  g ro u p  i s  n o r m a l i z e d  r e l a t i v e  t o  t h e  maximum p e a k - t o - p e a k  
a m p l i t u d e .  Thus a l l  t r a c e s  may have  d i f f e r e n t  n o r m a l i z a t i o n  s c a l e s .  
The n o r m a l i z a t i o n  s c a l e  f o r  t h e  Nth r o o t  sum and TAP t r a c e s  a r e  n o t  
p r i n t e d ,  b e c a u s e  b e i n g  n o n l i n e a r  o u t p u t s ,  t h e y  a r e  more d i f f i c u l t  t o  
i n t e r p r e t  and c o n s e q u e n t l y  a r e  o f  l e s s  i m p o r t a n c e .  In  some c a s e s  (shown 
l a t e r )  t h e  Nth r o o t  sum o u t p u t s  a r e  n o t  d i s p l a y e d ,  b e c a u s e  f o r  e v e n t s  
w i th  l a r g e  s i g n a l / n o i s e  r a t i o s  t h e y  a r e  a lm o s t  t h e  same as  t h e  
l i n e a r - s u m  t r a c e s .  In  a d d i t i o n ,  phase  i d e n t i f i c a t i o n  i s  done u s in g  
m a i n l y  t h e  l i n e a r - s u m  and TAP o u t p u t s .
F i g u r e s  4 .1 1  and 4 .1 2  show phase  A as  t h e  f i r s t  a r r i v a l  on t h e  
r e c o r d s  a t  d i s t a n c e s  l e s s  t h a n  14 d e g r e e s .  The r e t r o g r a d e  a r r i v a l  which 
j o i n s  t h e  b r a n c h e s  A and B (named as  A*) i s  a l s o  i n d i c a t e d  on b o t h  
r e c o r d s .  The l a t e r  a r r i v a l  phase  a i s  p roduced  by  r a y s  b o t to m in g  a t  
d e p t h s  above t h e  75-km d i s c o n t i n u i t y  which h a s  be e n  found unde r  t h e  
A u s t r a l i a n  c o n t i n e n t  ( H a le s  e t  a l . ,  1977,  1 9 8 0 a ) .  The o t h e r  l a t e r
a r r i v a l s  a r e  d i f f i c u l t  t o  i d e n t i f y  as  no h o r i z o n t a l  component  r e c o r d s  
a r e  a v a i l a b l e  f o r  e i t h e r  e v e n t .  The a r r i v a l  w i t h  a s lo w n e ss  o f  abou t  
21 .0  s e c / d e g  i s  i n t e r p r e t e d  t o  be t h e  C p h a s e ,  which i s  t h e  a r r i v a l  from 
r a y s  b o t to m in g  a t  d e p t h s  be lo w  300 km. The e x i s t e n c e  o f  t h e  phase  B i s  
n o t  e a s i l y  i d e n t i f i e d  on r e c o r d s  from s h a l l o w  e v e n t s  such  as  t h o s e  i n
I 10 SECS.
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F i g u r e s  4 . 7  and 4 . 8 .  S ince  t h e  B phase  i s  e x p e c t e d  to  be t h e  a r r i v a l  
from r a y s  b o t to m in g  a t  d e p t h s  be low  a d i s c o n t i n u i t y  ( o r  a s h a r p  i n c r e a s e  
in  s h e a r  v e l o c i t y )  a t  a d e p t h  o f  200 km, t h a t  p r o d u c e s  a t r i p l i c a t i o n  or  
a s lo w n e ss  b r e a k  c e n t r e d  a t  a d i s t a n c e  o f  a bou t  14 .5  d e g r e e s ,  an e ve n t  
w i th  a f o c a l  d e p th  o f  b e tw een  150 and 220 km and an e p i c e n t r a l  d i s t a n c e  
o f  a bou t  14 d e g r e e s  may be a b l e  t o  show t h i s  phase  w i th  b e t t e r  q u a l i t y .  
For t h i s  p u r p o se  r e c o r d s  o f  two e v e n t s  w i t h  f o c a l  d e p t h s  o f  159 km and 
209 km have  be e n  s e l e c t e d  t o  i l l u s t r a t e  t h e  e x i s t e n c e  o f  phase  B. 
F i g u r e  4 .1 3  shows t h e  p r o c e s s e d  r e c o r d s  o f  e v e n t  LIL514 which h a s  a 
f o c a l  d e p th  o f  159 km and an e p i c e n t r a l  d i s t a n c e  o f  13.48  d e g r e e s .  The 
phase  B i s  t h e  f i r s t  a r r i v a l  a l t h o u g h  i t  i s  v e r y  weak and i s  
c o n ta m in a t e d  by P e n e r g y .  I t  i s  f o l l o w e d  by  l a t e r  a r r i v a l s  which a r e  
marked on t h e  r e c o r d s ,  and a l s o  some P-wave a r r i v a l s .  A v e r y  weak B 
phase  i s  a l s o  shown by  t h e  r e c o r d  o f  t h e  d e e p e r  e v e n t  p r e s e n t e d  i n  
F i g u r e  4 . 1 4 .  Th is  e v e n t  h a s  a f o c a l  d e p t h  o f  209 km and an e p i c e n t r a l  
d i s t a n c e  o f  14.22  d e g r e e s .  In  t h i s  f i g u r e  p h a s e s  A and A' a r e  no t  
p r e s e n t .  Because t h e  fo rm er  i s  from r a y s  which b o t tom  i n  t h e  d e p th
r a n g e  75 t o  200 km and t h e  l a t t e r  i s  a r e f l e c t e d  r a y  from t h e  200-km 
d i s c o n t i n u i t y ,  t h e y  a r e  n o t  p roduced  by  an e v e n t  whose f o c a l  d e p th  i s  
g r e a t e r  t h a n  200 km. Both e v e n t s  show t h a t  i f  t h e  sm a l l  a m p l i t u d e  B 
phase  i s  m is s e d  t h e n  e i t h e r  t h e  A o r  C b r a n c h  w i l l  be p i c k e d  as  t h e  
f i r s t  a r r i v a l  due t o  t h e i r  r e l a t i v e l y  l a r g e  a m p l i t u d e s .  Th is  t y p e  o f  
m i s i n t e r p r e t a t i o n  i s  more p r o b a b l e  i f  o n l y  s h a l l o w  focus  e v e n t s  a r e  
u s e d ,  b e c a u s e  i n  t h i s  c a s e  t h e  B phase  may n o t  be s e en  on t h e  r e c o r d s .  
T h e r e f o r e ,  i n  t h i s  d i s t a n c e  r a n g e  t h e  m easu red  f i r s t - a r r i v a l  s lo w ness  
v a l u e s  may r a n g e  from a bou t  20 .5  t o  24 .0  s e c / d e g ,  de p e n d in g  on which 
phase  i s  b e i n g  m e a s u r e d .  F i g u r e  4 . 1 5 ,  f o r  exam ple ,  p r e s e n t s  t h e  r e c o r d  
o f  a s h a l l o w  e v e n t  a t  an e x t e n d e d  d i s t a n c e  o f  abou t  16.31 d e g r e e s .  
Phases  B and A a r e  abou t  t h e  same l e v e l  as  t h e  n o i s e  ba ckground  and a r e
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v e r y  d i f f i c u l t  t o  i d e n t i f y .  The f i r s t  s t r o n g  a r r i v a l  i s  t h e  C b r a n c h .  
F u r t h e r  d e t a i l e d  e x a m i n a t i o n  on t h e  l i n e a r  and N t h - r o o t - s u m  t r a c e s  
s u g g e s t s  a n o t h e r  a r r i v a l  which i s  s l i g h t l y  e a r l i e r  t h a n  C. Using 
s low ne ss  m easu rem en ts  t h i s  s m a l l  p r e c u r s o r  i s  i n t e r p r e t e d  t o  be t h e  A '  
b r a n c h .  Under t h i s  c o n d i t i o n ,  s i n c e  t h e  B phase  i s  s t i l l  a b l e  t o  be 
r e a d  and t h e  m easu red  s lo w n e s s  h a s  a bou t  t h e  r i g h t  v a l u e ,  i t  c a n  be 
c o n s i d e r e d  as  t h e  f i r s t  a r r i v a l .  On t h i s  r e c o r d ,  p h a s e s  B*, a ( a ' )  and D 
a r e  a l s o  shown as  s i g n i f i c a n t  a r r i v a l s .  The D phase  i s  i n t e r p r e t e d  t o  
be from r a y s  b o t to m in g  a t  d e p t h s  be low  t h e  w e l l -known 400-km 
d i s c o n t i n u i t y .  At g r e a t e r  d i s t a n c e s  where t h e  B phase  i s  u n o b s e r v a b l e ,  
and C i s  e a r l i e r  t h a n  A, t h e  C p h a s e  becomes a dominan t  f i r s t  a r r i v a l .
The above e v i d e n c e  i m p l i e s  t h a t  t h e  b r e a k  i n  t h e  s lo w n e ss  v a l u e  o f  
t h e  f i r s t  a r r i v a l  a t  a d i s t a n c e  o f  a bou t  17 .5  d e g r e e s  ( s e e  F i g u r e  4 . 1 0 )  
i s  n o t  caused  by a t r i p l i c a t i o n  o f  t h e  t r a v e l - t i m e  c u rv e  i n  t h e  normal  
s e n se  b u t  r a t h e r  i t  i s  due t o  t h e  dy ing  ou t  o f  t h e  fo rw ard  b r a n c h  B 
( a f t e r  i t  h a s  fo r m e d  a normal  t r i p l i c a t i o n  w i t h  A) .  Th is  l e a d s  us  t o  an 
i n d i c a t i o n  t h a t  somewhere b e lo w  t h e  d i s c o n t i n u i t y  a t  abou t  200 km t h e r e  
must  be a low v e l o c i t y  zone (LVZ) which c a u s e s  t h e  a m p l i t u d e  o f  t h e  B 
phase  a r r i v a l  t o  d i e  o u t  v e r y  q u i c k l y .  I f  t h i s  i s  t r u e  t h e n  s i n c e  t h e  
m easu red  s low ne ss  v a l u e s  p r e s e n t  a d e c r e a s i n g  t r e n d  from 17 t o  20 
d e g r e e s  and s t r o n g  a r r i v a l s  o f  t h e  phase  C w i t h  a s m a l l e r  s lo w n e ss  v a l u e  
t h a n  B become p ro m in e n t  a r r i v a l s ,  t h e n  t h e  C phase  must  be  p roduced  by 
r a y s  b o t to m in g  a t  d e p t h s  be lo w  t h e  LVZ i n  a r e g i o n  o f  normal  v e l o c i t y  
b e h a v i o u r  ( v e l o c i t y  i n c r e a s i n g  w i t h  d e p t h ) .  C o n s e q u e n t l y ,  t h e  LVZ must  
have  a f i n i t e  t h i c k n e s s  and t h e  b a s e  i s  bounded by a s h a r p  i n c r e a s e  i n  
she a r -w a ve  v e l o c i t y .  Th is  b o u n d a ry  i s  l i k e l y  t o  be a f i r s t - o r d e r  
d i s c o n t i n u i t y ,  b e c a u s e  i t  i s  s u p p o r t e d  by  o b s e r v a t i o n s  o f  t h e  C phase  as  
l a t e r  a r r i v a l s  from a d i s t a n c e  o f  a bou t  13 d e g r e e s ,  and b e c a u s e  s t r o n g  
r e f l e c t i o n  a r r i v a l s  from t h e  b o u n d a ry  a r e  i n d i c a t e d  by t h e  r e t r o g r a d e
#
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b r a n c h  B ' . Th is  h y p o t h e s i s  can  be t e s t e d  by examin ing  deep  e v e n t s  which 
s h o u ld  p r e s e n t  t h e  C phase  as  t h e  f i r s t  a r r i v a l .  F i g u r e  4 . 1 6  p r e s e n t s  a 
r e c o r d  o f  e v e n t  LIL518 w i t h  a f o c a l  d e p t h  o f  266 km and an e p i c e n t r a l  
d i s t a n c e  o f  16 .72  d e g r e e s .  The C phase  i s  c l e a r l y  shown as  t h e  f i r s t  
a r r i v a l  w i t h  a s low ness  o f  abou t  21 .0  s e c / d e g  i n  b o t h  t h e  l i n e a r  sum and 
TAP t r a c e s .  The n e g a t i v e  d e f l e c t i o n  o f  t h e  RZ t r a c e  v e r i f i e s  t h a t  t h e  
pha se  h a s  a sh e a r - w a v e  p o l a r i z a t i o n .  S h o r t l y  a f t e r  t h e  f i r s t  a r r i v a l  
a n o t h e r  S phase  a r r i v e s  which i s  accompanied by an SP p h a s e .  The 
s lo w n e ss  v a l u e s  o f  b o t h  t h e s e  a r r i v a l s  ( ~  19 .0  s e c / d e g )  i n d i c a t e s  t h a t  
t h e  S a r r i v a l  b e l o n g s  t o  b r a n c h  D (which comes from r a y s  b o t to m in g  a t  
d e p t h s  be low  t h e  400-km d i s c o n t i n u i t y )  and t h a t  t h e  SP phase  h a s  been  
g e n e r a t e d  by  t h e  D r a t h e r  t h a n  t h e  C b r a n c h .  The n e x t  two a r r i v a l s  
i d e n t i f i e d  as  B' and C '  a r e  t h e  r e t r o g r a d e  b r a n c h e s  from B t o  C and C t o  
D r e s p e c t i v e l y .
The e v id e n c e  shown b o t h  by t h e  d i s p l a y e d  r e c o r d s  and th e  
f i r s t - a r r i v a l  s low ness  d a t a  i n d i c a t e s  t h a t  t h e  b r a n c h e s  A, B and C a r e  
r e a l j  as  i s  t h e  t r i p l i c a t i o n  c e n t r e d  a t  a d i s t a n c e  o f  14 .5  d e g r e e s .  I t  
a l s o  t e l l s  us t h e  n a t u r e  o f  t h e  s lo w ne ss  b r e a k  a t  a bou t  17 .5  d e g r e e s  i s  
n o t  a t r i p l i c a t i o n  i n  t h e  t r u e  s e n s e ,  b u t  r a t h e r  i s  due t o  t h e  d y i n g - o u t  
o f  t h e  b r a n c h  B. F u r t h e r m o r e ,  i t  shows a n o t h e r  s t r o n g  S a r r i v a l  
f o l l o w i n g  C, which i s  i n t e r p r e t e d  t o  be t h e  D p h a s e .  The a v e ra g e  
m easu red  s low ness  v a l u e s  f o r  t h e  A, B and C b r a n c h e s  a r e  a bou t  2 4 .3 ,  
22 .3  and 20 .7  s e c / d e g  r e s p e c t i v e l y .  For  t h e  D b r a n c h  t h e  s low ne ss  v a l u e  
h a s  been  e s t i m a t e d  from l a t e r - a r r i v a l  d a t a  and i s  a bou t  19 .0  s e c / d e g .  
I f  t h e  s low ness  o f  A i s  a d j u s t e d  t o  be 23 .57  s e c / d e g  which i s  t h e  
i n f e r r e d  s low ness  v a l u e  o f  r a y s  b o t to m in g  a t  100 km d e p th  o b t a i n e d  from 
t h e  CAP8 P-wave v e l o c i t y  model  d i v i d e d  by  1 .7 8 5 ,  and some l i t t l e  
a d j u s t m e n t s  a r e  a l low e d  f o r  o t h e r  b r a n c h e s ,  a s y n t h e t i c  r e c o r d  s e c t i o n ,  
e x t e n d i n g  from 12 t o  20 .5  d e g r e e s ,  can  be c o n s t r u c t e d  u s in g
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Figure 4.16 Processed records of event LIL518 shov/ing d i f fe re n t  
phase a r r iv a ls .
PDE, 17 Aug 1979, 20 hr 19 min, 36.2 secs, 4.372S 127.270E
= 266 km, p = 21.3 sec/deg.
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b e t t e r - q u a l i t y  r e c o r d s  t o  i l l u s t r a t e  t h e  f i n e  s t r u c t u r e  o f  t h e  S-wave 
t r a v e l - t i m e  c u rv e  i n  t h i s  d i s t a n c e  r a n g e .  F i g u r e  4 .1 7  p r e s e n t s  s e l e c t e d  
l i n e a r  sum t r a c e s  o f  10 e v e n t s  p l a c e d  a t  t h e i r  r e s p e c t i v e  e x te n d e d  
d i s t a n c e s  on t h e  t r a v e l - t i m e  c u r v e .  In  t h e  m a in ,  each  t r a c e  h a s  been  
phased  t o  a s lo w ne ss  which i s  c l o s e  t o  i t s  c o r r e s p o n d i n g  f i r s t - a r r i v a l  
s lo w n e ss  v a l u e .  In  some c a s e s ,  how ever ,  p a r t i c u l a r  r e c o r d s  a r e  
p r e s e n t e d  i n  t h e  form o f  d i s c o n t i n u o u s  t r a c e s ,  w i t h  each  s e c t i o n  phased 
to  t h e  a r r i v a l  i n  t h a t  s e c t i o n .  Th is  h a s  been  done t o  i l l u s t r a t e  t h e  
l a t e r  a r r i v a l s  more c l e a r l y .  The r e t r o g r a d e  b r a n c h e s  o f  t h e  t r a v e l - t i m e  
c u r v e  i n  F i g u r e  4 .1 7  have  n o t  be e n  d rawn,  t o  m a i n t a i n  t h e  s i m p l i c i t y  o f  
t h e  f i g u r e .  T o g e th e r  w i t h  t h e  s lo w n e ss  d a t a  and d i s p l a y e d  r e c o r d s ,  t h i s  
c o m p o s i t e  r e c o r d  s e c t i o n  c l e a r s  up some o f  t h e  u n c e r t a i n t i e s  i n  p i c k i n g  
t h e  c o r r e c t  f i r s t  S a r r i v a l  and s i m u l t a n e o u s l y  g i v e s  a b e t t e r  s o l u t i o n  
i n  d e t e r m i n i n g  t h e  shape  o f  t h e  t r a v e l - t i m e  c u r v e .
F u r t h e r  d i s c u s s i o n  on t h e  i n c r e a s e s  i n  s h e a r  v e l o c i t i e s  a t  d e p t h s  
n e a r  200,  300 and 400 km, u s i n g  e v i d e n c e  from o t h e r  r e g i o n s ,  i s
p r e s e n t e d  i n  C ha p te r  5 .
4 . 2 . 2  Segment b e tw een  18.25  and 25 .25  d e g r e e s .
To m a i n t a i n  t h e  c o n t i n u o u s  f e a t u r e s  o f  two c o n s e c u t i v e  s e g m e n t s ,  
t h e  segments  a r e  p r e s e n t e d  i n  o v e r l a p p i n g  fo rm s .  Thus,  t h e  second 
segment  c o n s i d e r e d  i s  t h e  one be tw e en  18 .25  and 25 .25  d e g r e e s .  Slowness  
d a t a  f o r  t h i s  d i s t a n c e  r a n g e ,  which i s  p r e s e n t e d  i n  F i g u r e  4 . 1 8 ,  shows 
two o b v i o u s  b r e a k s  a t  d i s t a n c e s  o f  a bou t  20 .0  and 23 .0  d e g r e e s .  These 
b r e a k s  become more p ronounced  i f  t h e  d a t a  i n  F i g u r e  4 . 1 8  a r e  p l o t t e d  and 
a v e ra g e d  o v e r  0 . 5  d e g r e e  i n t e r v a l s  as  shown i n  F i g u r e  4 . 1 9 .  The a v e ra g e  
s low ne ss  v a l u e  w i t h i n  e ach  g roup  i s  t h e n  c o n s i d e r e d  t o  be t h e  mean o f  
measured  s low ness  v a l u e s  i n  t h e  c o r r e s p o n d i n g  i n t e r v a l .
The b r e a k  a t  a bou t  20 d e g r e e s  h a s  been  p r e v i o u s l y  a n t i c i p a t e d  from
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Figure 4.17 by evidence of the later-arrival branch D, which approaches 
C to form a crossover point at a distance of about 21.0 degrees. Figure 
4.20 shows the phases C and D at a distance where they arrive almost 
simultaneously and are followed by a group of arrivals containing the 
phases A, B' and also C' (retrograde branch between C and D). Since 
this record has no horizontal component the phase identification is 
based mainly on slowness values, the arrival configuration anticipated 
from previous records and the constructed travel-time curve in Figure 
4.17.
Similar to records in the previous segment, the quality of 
first-arrival S phases, from shallow events in this segment, is often 
poor because of P-energy arrivals or converted crustal phases, which 
occur as precursors. Examination of deep events with focal depths 
slightly above the 400-km discontinuity is required to verify further 
the existence of the D branch. Figure 4.21, for example, shows the S 
record of event LIL523 with an epicentral distance of 15.02 degrees and 
a focal depth of 353 km. The TAP traces in this figure indicate that 
the D phase is the first arrival and has a slowness value of about 19.5 
sec/deg. It is followed very closely by a higher-velocity arrival E, 
which has a slowness value consistent with the branch that bottoms below 
the 650-km discontinuity. The oscillatory nature of the RZ component 
indicates that the first arrivals are contaminated with SP motion. For 
the D branch this is not unexpected, because its slowness value is 
consistent with the generation of SP which will arrive at or very close 
to the same time as D. This phenomenon is discussed more fully in
Chapter 5. Both the C and C* phases are also shown on the record in 
Figure 4.21 and the RZ trace indicates that they are also contaminated 
by arrivals having a P-wave polarization.
At distances close to 23 degrees (Figure 4.22) a strong later
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SEC/DEG KH/SEC
17.50 6 .3 5  882
LINEAR
18.SB 6.81 862.
19.S8 S .70  682.
2B.S8 S .42  S82.
21.50 S .17 882.
2 2 .50  4 .9 4  882.
111399
A = 19.55°
h = 33 km
A = 19.82° c
_ ^ _ y v / \y v /v\ y \
— - A
N-TH ROOT
Figure 4.20
Processed records of 
event LIL399 showing 
d i f fe re n t  phase a r r iv a ls .
SUM
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10 SECS.
S E C/ PE C- f r v s E c
1 8 .0 0 6. IS 3 G 3 .
1 8 .7 5 5 . 3 3 363.
19.50 5 . 7 0 3 3 5 .
2 0 . 2 5 5 . 4 3 332.
2 1 . 0 0 5 . 2 3 400 .
2 1 .7 5 5 . 1 1 401 .
L I N E A R
LIL523
A = 15.02°
h = 353 km
A = 19.80° c
TAP
Figure 4.21 Processed records of event LIL523 showing d if fe ren t  phase 
a r r i v a l s .
4 Jan 1980, 18 hr 56 min, 35.7 sec, 6.052S 128.274E
= 5.0 p = 19.0 sec/deg.
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a r r i v a l  w i t h  a l o w e r - s l o w n e s s  v a l u e  a r r i v e s  v e r y  soon a f t e r  th e  D 
b r a n c h .  Thi s  a r r i v a l ,  t h e  E p h a s e ,  i s  produced by ra y s  b o t t o m i n g  a t  
d e p t h s  b e l o w  th e  w e l l - k n o w n  650-km d i s c o n t i n u i t y .  The a ppeara nce  o f  
t h i s  E phase  as  th e  f i r s t  a r r i v a l  a t  a d i s t a n c e  o f  about  2 3 . 5  d e g r e e s  
c a u s e s  t h e  s l o w n e s s  b r e a k  i n  th e  f i r s t - a r r i v a l  d a t a  shown i n  F i g u r e  
4 . 1 8 .  F i g u r e  4 . 2 2  i s  a 3-component  r e c o r d  o f  e v e n t  LIL508 phased to  a 
s l o w n e s s  o f  1 9 . 0  s e c / d e g .  The f i r s t  a r r i v a l  shown on th e  v e r t i c a l  and 
RZ t r a c e  i s  a weak D phase  which i s  t h e n  f o l l o w e d  about  1 . 4  s e c o n d s  
l a t e r  by i t s  c o r r e s p o n d i n g  SP phas e  ( S P ( D ) ) .  The C and E p h a s e s  a r r i v e  
a t  a l m o s t  t h e  same t i m e  and are  f o l l o w e d  by p h a s e s  C ' ,  D* and B' i n  a 
s e q u e n c e  ( s e e  th e  RZ t r a c e ) .  The P - e n e r g y  a r r i v a l s  i n  f r o n t  o f  C ' ,  D' 
and B' are  t h e i r  c o r r e s p o n d i n g  SP p r e c u r s o r s ,  and t h e  one a f t e r  D* i s  
th e  SP phase  a s s o c i a t e d  w i t h  t h e  E a r r i v a l  ( n o t e d  by S P ( E ) ) .  Thi s  
r e c o r d  i n d i c a t e s  t h a t  i n  t h i s  d i s t a n c e  ran ge  t h e  SP phas e  a s s o c i a t e d  
w i t h  t h e  f i r s t  a r r i v a l  i s  no l o n g e r  a p r e c u r s o r ,  but  a r r i v e s  about  2 
s e c o n d s  a f t e r  t h e  f i r s t  S o n s e t .
F i g u r e  4 . 2 3  shows a v e r t i c a l - c o m p o n e n t  S r e c o r d  o f  e v e n t  LIL448 a t  
a d i s t a n c e  which i s  j u s t  l e s s  th an  th e  d i s t a n c e  a t  which t h e  bran ch  E 
c r o s s e s  D. The D phas e  i s  f o l l o w e d  by  E and by  o t h e r  p r e v i o u s l y  
m e n t io n ed  p h a s e s .  In t h i s  d i s t a n c e  range  t h e  s t r u c t u r e  o f  l a t e r  a r r i v a l  
c o n f i g u r a t i o n s  i s  v e r y  com plex  b e c a u s e  b e s i d e s  a r r i v a l s  o f  A, B, C and 
t h e i r  a s s o c i a t e d  r e t r o g r a d e  b r a n c h e s ,  l a t e r  a r r i v a l s  from f u r t h e r  
d i s c o n t i n u i t i e s  b e l o w  400 km a l s o  a p p e a r .  A r e c o r d  c o n t a i n i n g  th e  E 
phase  as  t h e  f i r s t  a r r i v a l  i s  n o t  p r e s e n t e d  h e r e  but  w i l l  be shown when 
th e  n e x t  segment  i s  i n v e s t i g a t e d .
The a v e r a g e  s l o w n e s s  v a l u e  o f  t h e  D branch  i s  d e te rm in ed  t o  be  
about  1 9 . 0  s e c / d e g  and t h e  E bran ch  i n  t h i s  segment  i s  about  1 6 .5  
s e c / d e g .  Us ing  t h e s e  v a l u e s  and a l l o w i n g  f o r  some n e c e s s a r y  a d j u s t m e n t s  
a s y n t h e t i c  r e co rd  s e c t i o n  f o r  t h i s  segment  can be c o n s t r u c t e d .  This  i s
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Figure 4.23 __________ ,
D
er t ica l  S records of event
IL448 phased to d i f fe re n t  ---------------- ^
lowness values.
iote: high frequency noise ------------------
s due to d i r t  on FM tape 
eck capstan.
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shown i n  F i g u r e  4 . 2 4  and i l l u s t r a t e s  t h e  b r a n c h i n g  o f  t h e  t r a v e l - t i m e  
c u rv e  due t o  t h e  two s lo w n e ss  b r e a k s  a t  abou t  21 .0  and 23 .0  d e g r e e s .
Eventhough o n l y  a few good e v e n t s  a r e  a v a i l a b l e  from Region I I  i n  
t h i s  d i s t a n c e  r a n g e  t h e  same e v id e n c e  o f  b r e a k s  i n  t h e  f i r s t - a r r i v a l  
s low ness  v a l u e  a r e  o b s e r v e d .  The r e c o n s t r u c t e d  t r a v e l  t im e  from t h e  
a v a i l a b l e  r e c o r d s  a r e  i n  g e n e r a l  ag reemen t  w i th  t h o s e  from Region I .  
The m easured  s lo w n e ss  d a t a  f o r  Region I I  i s  p l o t t e d  i n  F i g u r e  4 .2 5  and 
t h e  c o m p o s i t e  r e c o r d  s e c t i o n  i n  F i g u r e  4 . 2 6 .  F u r t h e r  c o n f i r m a t i o n  o f  
t h e  a r r i v a l  s e quenc e  o f  e v e n t s  from Region I I  w i l l  be  p r e s e n t e d  in  
Cha p te r  5 when d i s c u s s i n g  d i s c o n t i n u i t y  f e a t u r e s .
4 . 2 . 3  Segment b e tw een  24 .25  and 34 .25  d e g r e e s .
F i g u r e  4 .2 7  p r e s e n t s  t h e  f i r s t - a r r i v a l  s low ness  v a l u e s  which a r e  
p l o t t e d  a g a i n s t  e x te n d e d  d i s t a n c e  f o r  t h e  d i s t a n c e  r a n g e  24 t o  34 
d e g r e e s .  A l though  n o t  o b v io u s  from t h e  raw d a t a ,  a d e c r e a s e  i n  s low ness  
o c c u r s  a t  a d i s t a n c e  o f  a bou t  30 .5  d e g r e e s .  Th i s  b r e a k  becomes much 
c l e a r e r  when,  as  h a s  been  done p r e v i o u s l y ,  t h e  m easu rem en ts  a r e  a v e ra g e d  
o v e r  a g roup  i n t e r v a l  as  shown i n  F i g u r e  4 . 2 8 .  Because t h e  m ag n i tu d e  o f  
t h i s  b r e a k  i s  r e l a t i v e l y  s m a l l  compared w i th  b r e a k s  i n  p r e v i o u s  segments  
o f  t h e  t r a v e l - t i m e  c u r v e ,  s e p a r a t i o n  o f  t h e  two b r a n c h e s  i s  more 
d i f f i c u l t ,  p a r t i c u l a r l y  n e a r  t h e  c r o s s o v e r  p o i n t .  Away from t h e  
c r o s s o v e r  p o i n t  t h e  prob lem o f  i d e n t i f y i n g  each  b r a n c h  i s  n o t  so 
d i f f i c u l t  b e c a u s e ,  f o r t u n a t e l y ,  b e f o r e  t h e  c r o s s o v e r  t h e  a r r i v a l s  from 
t h e  F b r a n c h  a r e  s t r o n g e r  t h a n  t h e  f i r s t  a r r i v a l s  o f  E, and a f t e r  t h e  
c r o s s o v e r  p o i n t  t h e  r e v e r s e  i s  found .  B e fo re  d e m o n s t r a t i n g  t h i s ,  
however ,  i t  i s  w o r t h w h i l e  d i s c u s s i n g  t h e  a m p l i t u d e s  o f  t h e  E b r a n c h  
which i s  t h e  f i r s t  a r r i v a l  i n  t h e  d i s t a n c e  r a n g e  23 .5  t o  30 .5  d e g r e e s .
F i g u r e  4 . 2 9  show a r r i v a l s  on t h e  E b r a n c h ,  which f o r  d e m o n s t r a t i o n  
p u r p o s e s  have  been  a l i g n e d  on a s t r a i g h t  l i n e .  In g e n e r a l ,  t h e s e
146
EXTENDED DISTANCE , DEG.
o 20.0 - 21 .7  s e c / d e g ,  ■ 18 .5  - 19.5 s e c / d e g , ▼ 15.5  - 17 .5  sec /deg
Figure 4 .24  Travel  t ime branch ing  between 19 and 24 degrees  i l l u s t r a t e d  
on a s y n t h e t i c  reco rd  s e c t i o n  us ing  even ts  from Region I .
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o 20.0 - 21.7 sec/deg, ■ 18.5 - 19.5 sec/deg, ▼ 15.5 - 17.5 sec/deg
Figure 4.26 Travel time branching in the distance range 19 and 24 
degrees il lustrated on a synthetic record section using 
events from Region II.
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a r r i v a l s  a r e  weak compared w i t h  l a t e r  a r r i v a l s ,  p a r t i c u l a r l y  i n  t h e  
d i s t a n c e  r a n g e  24 t o  2 7 .5  d e g r e e s .  With a s i n g l e  a r r a y  and d i f f e r e n t  
e v e n t s  i t  c a n n o t  be d e t e r m i n e d  w i t h  any c e r t a i n t y  w he the r  t h e s e  weak 
a r r i v a l s  a r e  t h e  r e s u l t  o f  t h e  E b r a n c h  b o t to m in g  i n  a r e g i o n  o f  
l o w - v e l o c i t y  g r a d i e n t  o r ,  a l t e r n a t i v e l y ,  t h e  l a t e r  a r r i v a l s  b o t tom  in  
a r e g i o n  where t h e  v e l o c i t y  g r a d i e n t  i s  h i g h e r .  Looking a t  t h e  p a t t e r n s  
formed by t h e  l a t e r  a r r i v a l s  i n  F i g u r e  4 . 2 9 ,  how ever ,  i t  a p p e a r s  t h a t  
t h e  main e n e r g y  o f  t h e  r e c o r d s  which have  weak f i r s t  a r r i v a l s  o c c u r s  on 
e i t h e r  one o r  two c u s p s ,  3 -4  seconds  a f t e r  t h e  f i r s t  a r r i v a l  E. The 
f i r s t  cusp  i s  formed by  a h i g h e r - v e l o c i t y  l a t e r  a r r i v a l  which w i l l  
i n t e r s e c t  t h e  E b r a n c h  a t  a d i s t a n c e  s l i g h t l y  g r e a t e r  t h a n  29 d e g r e e s  (F 
b r a n c h ) ,  and t h e  second one comes from t h e  l a t e r  a r r i v a l  b r a n c h  D. The 
e x i s t e n c e  o f  t h e  E phase  i n  t h i s  d i s t a n c e  r a n g e  i s  d e m o n s t r a t e d  by e v e n t  
LIL502 i n  F i g u r e  4 . 3 0 .  The weak E phase  i s  t h e  f i r s t - a r r i v a l  and i s  
fo l low e d  by b o t h  t h e  F and E' p h a s e s .  (The E '  phase  i s  t h e  r e t r o g r a d e  
b r a n c h  c o n n e c t i n g  E and F . )  The SP a r r i v a l s  a s s o c i a t e d  w i t h  t h e  above 
ph a s es  a r r i v e  a bou t  6 s e co n d s  l a t e r  t h a n  t h e i r  c o r r e s p o n d i n g  S a r r i v a l s  
( s e e  t h e  RZ t r a c e ) .  Two l a t e r  a r r i v a l s  a r e  a l s o  i n d i c a t e d  on t h e  RZ 
t r a c e  a f t e r  t h e  f i r s t  a r r i v a l  g r o u p .  The f i r s t ,  w i t h  a s low ne ss  o f
a bou t  19 .0  s e c / d e g ,  i s  i n t e r p r e t e d  t o  be t h e  D a r r i v a l  and i s  p a r t i a l l y
h i d d e n  i n  t h e  SP t r a i n .  The second l a t e r  a r r i v a l ,  w i t h  a s lo w ne ss  o f
abou t  20 .0  s e c / d e g ,  a p p e a r s  t o  be t h e  C p h a s e .  The same f e a t u r e s  a r e
shown by e v e n t  LIL504 i n  F i g u r e  4 . 3 1 .  The F w a v e l e t  i n  t h i s  r e c o r d  i s  
r a t h e r  complex and shows a d o u b l e  peak  on t h e  TAP t r a c e s .  The C p h a s e ,  
which a p p e a r s  a lm o s t  a t  t h e  end o f  t h e  t r a c e  h a s  a lm o s t  t h e  same 
a m p l i t u d e  as  t h e  D p h a s e ,  b u t  t h e  SP a s s o c i a t e d  w i th  D i s  much s t r o n g e r  
t h a n  th e  one accompanying C. An a r r i v a l ,  marked as  D^, which h a s  a 
s low ness  v a l u e  o f  a bou t  18 .0  s e c / d e g ,  a p p e a r s  t o  be a n o t h e r  phase  
g e n e r a t e d  by a v e l o c i t y  i n c r e a s e  i n  t h e  d e p t h - r a n g e  400-650 km. I f  t h i s
153
10 SECS.
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Figure 4.30 Processed records of event LIL502 phased to various slowness 
values.
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i s  t h e  c a s e ,  t h e n  t h e  v e l o c i t y  i n c r e a s e  a t  t h i s  d i s c o n t i n u i t y  i s  much 
s m a l l e r  t h a n  t h e  one a t  650-km d e p t h .  I t  i s  o f t e n  d i f f i c u l t  t o  measure  
t h e  s low ness  o f  t h e  phase  as  i t  o n l y  a p p e a r s  a s  a l a t e r  a r r i v a l  and ,  
i n  g e n e r a l ,  i s  h i d d e n  i n  t h e  SP t r a i n .  However , t h e  a v e ra g e  s lo p e  o f  
t h i s  b r a n c h  h a s  be e n  e s t i m a t e d  by t r i a l - a n d - e r r o r  when r e c o n s t r u c t i n g  a 
c o m p o s i t e  r e c o r d  s e c t i o n ,  and h a s  been  g i v e n  a v a l u e  o f  17 .7  s e c / d e g .  
F i g u r e  3 .32  p r e s e n t s  a c o m p o s i t e  r e c o r d  a c t i o n  composed o f  e i t h e r  t h e  RZ 
o r  Z t r a c e s  o f  s e v e r a l  i n t e r e s t i n g  r e c o r d s .  The s lo w n e ss  v a l u e s  o f  t h e  
E and F b r a n c h e s  a r e  d e t e r m i n e d  t o  be  abou t  16 .3  and 15 .65  s e c / d e g  
r e s p e c t i v e l y ,  which a r e  w i t h i n  t h e  u n c e r t a i n t y  o f  t h e  m easured  v a l u e s .  
I t  i s  shown i n  t h i s  f i g u r e  t h a t  t h e  b r e a k  i n d i c a t e d  by  t h e  s low ness  d a t a  
i s  r e a l  and i s  due t o  a t r i p l i c a t i o n  w i th  a c r o s s o v e r  p o i n t  c e n t r e d  a t  a 
d i s t a n c e  o f  abou t  3 0 .5  d e g r e e s .  The i d e n t i f i c a t i o n  o f  an F phase  as  t h e  
f i r s t  a r r i v a l  w i l l  be  p r e s e n t e d  i n  t h e  n e x t  segm en t .
Using t h e  above r e s u l t s ,  b r a n c h i n g  be tw een  D and can  be
i l l u s t r a t e d  i n  more d e t a i l  u s i n g  v e r t i c a l - c o m p o n e n t  r e c o r d s  i n  t h e  
d i s t a n c e  r a n g e  24 t o  29 d e g r e e s .  F i g u r e  4 .3 3  i s  a f u r t h e r  
i n t e r p r e t a t i o n  o f  F i g u r e  4 . 2 9 .  Branches  F,  D, and C a r e  now drawn on 
t h i s  c o m pos i te  r e c o r d  s e c t i o n .  Some l a t e r  a r r i v a l s ,  whose p o s i t i o n s  a r e  
marked by (■) and ( □ ) ,  a r e - b a s e d  on t h e i r  m easu red  s low ness  v a l u e s  and 
t h e i r  p o s i t i o n s  on t h e  t r a c e s  -  i n t e r p r e t e d  t o  be a r r i v a l s  o f  t h e  
b r a n c h e s  D and D  ^ r e s p e c t i v e l y .  The r e t r o g r a d e  b r a n c h e s  a r e  n o t  drawn,  
i n  o r d e r  to  s i m p l i f y  t h e  f i g u r e .  As p r e v i o u s l y  m e n t i o n e d ,  t h e  abundance 
o f  l a t e r  a r r i v a l s  may e x p l a i n  why t h e  E b r a n c h  h a s  r e l a t i v e l y  weak 
a r r i v a l s  i n  t h e  d i s t a n c e  r a n g e  24 t o  27 .5  d e g r e e s .  The e n e rg y  o f  each  
t r a c e  i s  more d i s t r i b u t e d  i n  t h e  l a t e r  a r r i v a l s  o f  t h e  C and D b r a n c h e s ,  
t h e  r e t r o g r a d e  cusp  o f  , t h e  r e t r o g r a d e  cu s p  o f  F and t h e  s t r o n g  S P ' s  
f o l l o w i n g  t h e s e  sh e a r - w a v e  a r r i v a l s .  The r e l a t i v e l y  weak f i r s t  a r r i v a l s  
o f  t h e  E b r a n c h  c o u ld  c a u s e  problems in  d e t e r m i n i n g  t h e  d e p th  o f  t h e
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650-km d i s c o n t i n u i t y .  I f  t h i s  a r r i v a l  i s  m i s s e d ,  t h e n  t h e  s t r o n g e r  
a r r i v a l  b e l o n g i n g  t o  t h e  F b r a n c h  w i l l  be p i c k e d ,  and t h e  c r o s s i n g  o f  
t h e  D and F b r a n c h  w i l l  be i n t e r p r e t e d  as  t h e  change  i n  s low ness  
b e l o n g i n g  t o  t h e  650-km d i s c o n t i n u i t y .  Thus i n s t e a d  o f  p i c k i n g  t h e  
c r o s s o v e r  p o i n t  a t  a bou t  23 .25  d e g r e e s  i t  w i l l  be  d e t e r m i n e d  to  be a t  
abou t  25 d e g r e e s ,  w i t h  t h e  r e s u l t  t h a t  t h e  d i s c o n t i n u i t y  w i l l  be p l a c e d  
a t  a d e e p e r  d e p t h .  F u r t h e r m o r e ,  t h e  t r i p l i c a t i o n  c e n t r e d  a t  abou t  30 .5  
s e c / d e g  w i l l  be m i s s e d ,  and so an i m p o r t a n t  d i s c o n t i n u i t y  d e e p e r  t h a n  
650 km w i l l  n o t  be i d e n t i f i e d .  Th is  t y p e  o f  problem i s  v e r y  l i k e l y  t o  
o c c u r  when i n t e r p r e t i n g  S waves u s i n g  l o n g - p e r i o d  r e c o r d s ,  i n  which c a s e  
i t  may be  a lm o s t  i m p o s s i b l e  t o  i d e n t i f y  t h e  weak f i r s t  a r r i v a l  o f  t h e  E 
b r a n c h ,  p a r t i c u l a r l y  i f  w aveform -m atch ing  t e c h n i q u e s  a r e  u s e d .
Evidence  f o r  a b r e a k  i n  s low ness  v a l u e s  n e a r  30 .5  d e g r e e s  i s  a l s o  
shown by e v e n t s  from Region  I I .  F i g u r e  4 . 3 4  p r e s e n t s  m easured  s low ness  
v a l u e s  o f  e v e n t s  from t h o s e  r e g i o n s  i n  t h e  d i s t a n c e  r a n g e  24 to  34 
d e g r e e s .  A l though  t h e  number o f  e v e n t s  i s  s p a r s e  and t h e  E b r a n c h  
p r oduce s  h i g h e r  s low ness  v a l u e s  t h a n  e x p e c t e d  a t  a d i s t a n c e  n e a r  30 .0  
d e g r e e s ,  t h e  a v a i l a b l e  r e c o r d s  o f  t h e s e  e v e n t s  show good agreement  
be tw een  t h e  a r r i v a l  p a t t e r n s  and t h e  s l o p e s  o f  t h e  t r a v e l - t i m e  b r a n c h e s  
o b t a i n e d  i n  t h e  a n a l y s i s  o f  e v e n t s  from Region I .  F i g u r e  4 .3 5
i l l u s t r a t e s  t h e  f i t  o f  t h e  r e c o r d s  on t h e  t r a v e l - t i m e  b r a n c h e s .  I t  i s  
once a g a i n  d e m o n s t r a t e d  t h a t  t h e  a r r i v a l s  o f  t h e  E b r a n c h  have  
r e l a t i v e l y  weak a m p l i t u d e s  w i t h i n  t h e  d i s t a n c e  r a n g e  2 4 - 2 7 .5  d e g r e e s ,  
even though  t h e  d i s p l a y e d  r e c o r d s  come from d e e p e r  e v e n t s  t h a n  t h o s e  
from Region I .  Taken t o g e t h e r ,  t h e  e v i d e n c e  i n d i c a t e s  t h a t  t h e  b r e a k  i n  
s low ness  v a l u e s  c e n t r e d  a t  a bou t  30 d e g r e e s  i s  a w o r ld -w id e  phenomenon. 
Such a c o n c l u s i o n  may a l s o  a p p l y  t o  t h e  b r a n c h .
4 . 2 . 4  Segment be tw een  33 .25  and 51 .25  d e g r e e s .
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E ven t s  c o v e r i n g  t h e  d i s t a n c e  r a n g e  33 .25  t o  51 .2 5  d e g r e e s  bo t to m  in  
t h e  d e p th  r a n g e  from about  800 t o  1200 km. S ince  t h e  s e i s m i c  v e l o c i t y  
i n  t h i s  r e g i o n  o f  t h e  m a n t l e  i s  r e l a t i v e l y  h i g h  and i n c r e a s e s  s lo w ly  
compared w i th  d e p t h s  above 650 km, r e l a t i v e  change i n  s low ne ss  v a l u e  f o r  
any v e l o c i t y  a n o m a l ie s  w i l l  be  c o n s i d e r a b l y  s m a l l e r .  Thus any b r e a k  in  
t h e  f i r s t - a r r i v a l  s low ness  d a t a  may n o t  be  e a s i l y  o b s e r v e d .  Under t h e s e  
c i r c u m s t a n c e s , t h e  use  o f  l a t e r - a r r i v a l  d a t a  t o  i n d i c a t e  e v id e n c e  o f  
b r a n c h i n g  i n  t h e  t r a v e l - t i m e  c u r v e  becomes more i m p o r t a n t .
F i g u r e s  4 .3 6  and 4 .3 7  show v a l u e s  o f  f i r s t - a r r i v a l  s low ness  d a t a  
and t h e i r  grouped  v a l u e s  p l o t t e d  a g a i n s t  t h e  e x te n d e d  d i s t a n c e .  I f  t h e  
d e c r e a s e  i n  s low ness  v a l u e s  from 34 t o  49 d e g r e e s  i s  c a r e f u l l y  examined ,  
i t  a p p e a r s  t h a t  t h e r e  may be  a jump from one v a l u e  a t  abou t  36 d e g r e e s ,  
t o  a n o t h e r  v a l u e  a t  a bou t  48 d e g r e e s  a l t h o u g h  t h i s  i s  n o t  s t r o n g l y  
co n f i rm e d  by t h e  grouped  s lo w ne ss  v a l u e s  shown i n  F i g u r e  4 . 3 7 .  On t h e  
o t h e r  h a n d ,  i n  F i g u r e  4 . 3 8 ,  t h e  s low ne ss  v a l u e s  o f  e v e n t s  from Region I I  
show much c l e a r e r  e v i d e n c e  o f  t h e  abov e -m en t io n ed  jump.  Moreover ,  
c o n s i d e r i n g  b o t h  r e g i o n s  t o g e t h e r  two b r e a k s  a r e  i n d i c a t e d  a t  d i s t a n c e s  
n e a r  38 and 43 d e g r e e s ,  and t h i s  i n d i c a t i o n  i s  s u p p o r t e d  by  e v id e n c e  o f  
t h e  G b r a n c h  as  a l a t e r  a r r i v a l  i n  F i g u r e s  4 . 3 2  and 4 . 3 5 .  When 
comparing F i g u r e s  4 . 3 6  and 4 . 3 8 ,  i t  i s  s e e n  t h a t  t h e r e  i s  good agreement  
be tw een  t h e  m easured  s lo w n e ss  v a l u e s  o f  t h e  F and H b r a n c h e s  b u t  t h e  G 
b r a n c h  h a s  a lower s lo w n e ss  v a l u e  i n  t h e  n o r t h e r n  d i r e c t i o n  t h a n  t h e  
n o r t h w e s t e r n  d i r e c t i o n .  A s im p l e  e x p l a n a t i o n  i s  t h a t  i t  c o u ld  be 
s t r u c t u r e  i n  t h e  uppe r  m a n t l e  n e a r  t h e  a r r a y  a f f e c t i n g  t h i s  b r a n c h .  
There a r e ,  however ,  two o t h e r  p o s s i b l e  e x p l a n a t i o n s .  The f i r s t  i s  t h a t  
r e c o r d s  o f  e v e n t s  a t  d i s t a n c e s  be tw een  33 and 36 d e g r e e s  have  weak f i r s t  
a r r i v a l s  o f  t h e  F b r a n c h .  Th is  l e a d s  t o  a d i f f i c u l t y  i n  p i c k i n g  t h e  
c o r r e c t  phase  fo r  m e a s u r in g  t h e  f i r s t - a r r i v a l  s low ness  v a l u e ,  i e . one 
may p i c k  e i t h e r  t h e  E, F o r  G p h a s e .  The same e v id e n c e  was a l s o  found
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in the P-wave data from the Marianas events (Wright, 1968). The second 
reason is that most of the records in the distance range 36 to 41 
degrees have low signal/noise ratios, which will cause scattered values. 
Under these circumstances, the evidence for the existence of the G 
branch using events from Region I is obtained by examining records at 
distances before and after the expected crossover points between the F 
and G branches. Figure 4.32, for example, shows evidence of the G 
branch in the form of a series of later arrivals with a slope of about 
14.8 sec/deg. This G line will intersect F at a distance of about 38 
degrees. Figure 4.39 shows a record of event LIL503 at an extended 
distance of 35.22 degrees. The F phase appears as a weak first arrival 
which is then followed by the large arrivals of phases E and G. The 
latter two phases arrive at about the same time, but are well resolved 
in the TAP records because of their different slowness values. About 
1.5 seconds after that, another arrival with a lower slowness value of 
about 14.0 sec/deg appears on the trace. This is interpreted to be the 
H phase produced by a triplication centred at a distance of about 43 
degrees. Near 39 degrees, the record of event LIL421 in Figure 4.40 
shows G as the first-arrival phase followed by the phase F, H and F*. 
The second-arrival group shown in the TAP records are interpreted to be 
the corresponding SP's of the phases in the first-arrival group. Since 
the record has no horizontal component, the SP identification is based 
on the measured slowness values and the expected travel-time
configuration. The evidence for the G branch (and also the H branch) is 
more strongly supported by the record of event LIL111 in Figure 4.41. 
The G, H and F branches arrive at the same time, but since the three 
phases have different slowness values the TAP record is able to 
differentiate between them.
The displayed evidence so far gives us a strong indication that the
167
10 SECS.
s ec / dec i w s e c
13.50 S .24
\ 4 . 25  7.S0
15.00 7.41
15.75  7 . 05
15.50 5 . 74
17.25 5 . 4 5
L I N E A R
LIL503
A = 34.95°
h = 48 km
A = 35.22° c
TAP
Figure 4.39 Processed records of event LIL503 phased to d ifferent  
slowness values.
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j
SEC/DEG KM/SEC
12.50 8.90 384.
13.00 8.55 384.
13.50 8.24 384.
14.00 7.94 384.
14.50 7.67 384.
15.00 7.41 384.
16.00 6.95 384.
LINEAR
LIL1 1 1
i  = 41 .14°
h = 191 km
A = 42.35° c
TAP
ji/'JL
mL
Figure 4.41 Processed shear wave records of event LIL111 phased 
to d i f fe re n t  slowness values.
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G branch is undoubtedly present and intersects the F branch at a 
distance near 38 degrees. The scattered slowness values around the 
break are due to the unavailability of good records and the evidence of 
weak first F arrivals in the vicinity of 36 degrees. If the records are 
good, such as those from Region II, the break in slowness values near 38 
degrees is much clearer. Further confirmation of this discontinuity 
using records from Region II is presented in Chapter 5.
The first indication of the H branch is in Figure 4.40 when this 
branch appears as a strong later arrival. Events LIL421 and LIL111 
(Figures 4.40 and 4.41) show the position with respect to distance of 
this phase relative to G and other phases. It appears that the H phase 
will intersect the G branch and become a first arrival at a distance 
near 44 degrees. Figure 4.42 is an S-wave record of event LIL300 at an 
extended distance of 44.72 degrees. The H phase appears on the records 
as the first arrival, the position of the first onset being indicated on 
the RZ trace. The phases following H are G(and G'), F, SP train and E. 
The measured slowness for the H phase is about 13.3 sec/deg, compared 
with 14.0 secs/deg obtained from the composite record section. Event 
LIL272 in Figure 4.43 shows the separation between branches H and G more 
clearly. The tail of phase H overlaps the beginning of phase G, and the 
separation is seen at slowness values of about 15.0 sec/deg. This 
evidence provides more support for the existence of the G branch as a 
later arrival on the right-hand side of the triplication centred at 43 
degrees. Together with the later-arrival evidence in the distance range 
30 to 36 degrees for the G branch, the evidence shown by event LIL272 
helps to clarify the uncertainties given by the first-arrival slowness 
data in Figures 4.36 and 4.37.
Using the estimated slopes of 16.3, 15.65, 14.8 and 14.0 sec/deg 
for the E, F, G and H branches respectively and allowing some adjustment
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SEC/DEG FM/SEC
13.00 8 .5 5 294
13.50 8 .2 4 306
U . 0 0 7 .9 4 309
14 .50 7 .6 7 313
15 .00 7.41 310,
15.50 7. 17 306.
L I L 5 0 0
10 SECS.
L I N E A R  '- - - - - - - - - - - - -
A = 44.57°
h = 37 km
A = 44.72° c
TAP
Figure 4.42 Processed shear wave records of event LIL500 phased to 
different slowness values.
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10 SECS,
SEC/DEC Mi/SEC L I N E A R
1 3 .0 0 s . s s 143S.
1 3 . S0 S. 24 1430.
1 4 . 0 0 7 . 9 4 1416.
1 4 .5 0 7 . S 7 13S0.
1 5 .0 0 7 .4 1 1305.
1 5 .5 0 7.  17 1212.
L I L 2 7 2
A = 46.49°
h  = 215 km
ii
CJ
< 47.74°
TAP
Figure 4.43 Vertical S records of event LIL272 phased to d if ferent  
slowness values and showing the branches H and G.
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on these values if necessary, the features of the travel-time curve at 
distances between 27 and 50 degrees can be constructed to form a 
synthetic record section which will present the behaviour of the 
travel-time curve. Figure 4.44 shows a composite record section of some 
selected events from Region I. After corresponding arrivals have been 
matched from record to record the slopes of E, F, G and H branches are 
determined to be 16.30-16.38 sec/deg, 15.50-15.66 sec/deg, 14.70-14.90 
sec/deg and 14.10-14.30 sec/deg respectively. These travel-time 
branches also fit the records of events from Region II, as shown in 
Figure 4.45.
The presence of the H branch is strongly supported by events from 
Region III, whose first-arrival slowness data is presented in Figure 
4.46. A list of these events is given in Table 4.6. In Figure 4.47 
some selected records are displayed on the travel-time curve obtained 
from the previous analysis. Two events from Region II have also been 
included in order to illustrate how the records fit the travel-time 
branches.
To summarise so far, in the distance range 12.5 to 51 degrees 7 
breaks in the travel-time curve are indicated by first-arrival slowness 
values, and are confirmed by analysis of later arrivals. These 
observations also indicate that there is another branch of the 
travel-time curve in the distance range 23 to 27 degrees, which never 
becomes a first arrival. These breaks indicate that there are eight 
resolvable velocity discontinuities in the Earth's mantle between the 
depths of 75 and 1100 km.
4.2.5 Travel-time branches and their slopes.
The evidence, presented by breaks in the slowness data and the 
observed slowness separation between consecutive arrivals of the
174
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Table 4.6
List
EU. YEAR MO 
NO.
LHF 1 1?75 10
2 1975 11
3 1975 11
4 1976 2
5 1976 4
6 1976 3
7 1976 4
8 1976 4
9 1976 6
10 1976 6
11 1976 7
13 1976 11
14 1976 9
16 1977 1
19 1980 1
23 1979 1
24 1979 5
25 1979 5
29 1979 1
30 1979 8
31 1980 1
32 1980 1
33 1980 2
34 1979 7
of events from Region I I I  .
DY HR MI SEC LATITUD LONGITU HEP HIST EXDIS AZIMUT SLOUN T.COR.
( DEG.) ( DEG.) KM. (DEG) (DEG) (DEG.) SC/DG (SEC)
31 16 2 5 1 . 5  - 2 3 .5 3 0 CO 0 0 0 0 526 4 2 .4 2 4 6 .3 4 1 0 3 .3 6 1 3 .2 0 1 4 1 .0 7
1 6 14 5 4 . 0  - 1 8 .3 9 0 1 8 2 .2 0 0 405 4 5 .1 0 4 7 .8 4 9 6 .4 0 1 2 .9 0 1 0 9 .1 2
19 6 18 3 3 . 7  - 2 4 .0 1 0 1 7 9 .0 9 0 551 41 .5 6 4 5 .7 3 1 0 3 .9 9 1 3 .1 0 1 4 7 .7 3
3 12 9 7 3 1 .4  - 2 5 .1 5 0 1 7 9 .7 2 0 486 4 2 .0 7 4 5 .6 0 1 0 5 .7 4 1 3 .1 0 1 3 0 .4 5
10 17 12 8 . 3  - 1 7 .7 0 0 1 8 1 .5 4 0 548 44.61 4 8 .7 5 9 5 .2 8 1 3 .6 0 1 4 6 .9 3
18 19 45 2 2 . 7  - 2 4 .6 7 0 1 8 0 .0 2 0 489 4 2 .3 7 4 5 .9 2 1 0 5 .0 4 1 4 .3 0 1 3 1 .2 6
21 20 25 5 8 . 3  - 2 4 .9 6 0 1 7 9 .9 5 0 449 4 2 .2 9 4 5 .4 7 1 0 5 .4 7 1 3 .8 0 1 2 0 .6 9
25 6 43 2 0 . 3  - 2 3 .6 4 0 1 8 0 .1 0 0 522 4 2 .5 0 4 6 .3 8 1 0 3 .5 3 1 3 .8 0 1 3 9 .9 9
3 13 45 4 4 . 2  - 2 6 .5 5 0 1 7 8 .3 4 0 620 4 0 .8 0 4 5 .7 1 1 0 7 .8 0 1 3 .0 0 1 6 6 .4 2
27 1 14 1 8 .4  - 1 8 .0 4 0 1 8 1 .6 7 0 581 4 4 .6 7 4 9 .1 5 9 5 .7 8 1 2 .8 0 1 5 5 .8 2
5 11 57 2 . 3  - 2 5 .5 0 0 1 7 9 .5 8 0 508 41 .9 3 4 5 .6 7 1 0 6 .2 5 1 3 .0 0 1 3 6 .2 8
4 16 44 3 6 . 0  - 2 1 .9 7 0 1 8 0 .7 4 0 592 4 3 .2 4 4 7 .8 4 1 0 1 .1 8 1 3 .2 0 1 5 8 .8 3
29 15 39 3 . 0  - 2 2 .9 7 0 1 8 4 .0 4 0 49 4 6 .1 7 4 6 .4 0 1 0 3 .0 5 1 3 .8 0 1 4 .9 3
10 9 31 4 9 . 2  - 2 0 .7 6 0 1 8 0 .7 8 0 649 4 3 .4 2 4 8 .7 1 9 9 .4 4 1 3 .7 0 1 7 4 .5 2
15 4 25 4 5 . 6  - 2 2 .2 0 9 180 .501 605 4 3 .0 0 4 7 .7 4 1 0 1 .4 9 1 2 .8 0 1 6 2 .2 9
25 4 8 1 4 .2  - 2 9 .9 3 7 1 8 2 .5 4 5 14 4 4 .5 4 4 4 .6 0 1 1 2 .7 2 1 3 .7 0 4 .4 6
4 15 22 5 . 9  - 1 8 .921 1 6 8 .9 6 8 182 3 2 .6 3 3 3 .9 6 9 4 .1 5 1 5 .0 0 5 3 .9 0
5 16 17 4 . 3  - 1 1 .0 4 7 1 6 5 .5 0 8 33 31 .2 5 31 .4 2 7 8 .2 4 1 5 .0 0 1 0 .7 7
2 1 32 1 9 .7  - 1 3 .3 1 9 1 6 6 .6 5 6 33 31 .61 31 .7 8 8 3 .0 2 1 5 .5 0 1 0 .7 7
5 0 53 4 5 . 9  - 2 2 .7 1 5 1 8 2 .5 0 6 181 4 4 .7 9 4 5 .8 6 1 0 2 .4 9 1 2 .8 0 4 9 .9 9
9 3 7 5 7 . 9  - 1 4 .6 9 0 1 6 7 .2 2 4 165 31 .7 8 3 2 .9 7 8 5 .8 0 1 5 .4 0 4 8 .9 9
30 11 29 3 0 .1  - 2 1 .7 6 1 180 .621 607 4 3 .1 5 4 7 .9 2 1 0 0 .8 6 1 3 .9 0 1 6 2 .8 3
17 1 11 5 4 . 9  r 2 1 .1 0 4 1 8 1 .2 0 8 592 ~ r~ r  n u  •  /  / 4 8 .3 7 100.01 1 3 .9 0 1 5 8 .8 3
21 19 37 1 1 .5  - 9 .3 7 1 1 5 9 .0 3 7 526 2 6 .0 5 3 1 .1 3 6 9 .7 7 1 5 .4 0 1 5 7 .9 8
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t r a v e l - t i m e  b r a n c h e s ,  e n a b l e  us  t o  e s t i m a t e  t h e  shape  o f  t h e  t r a v e l - t i m e  
c u r v e .  There a r e  many l i m i t a t i o n s  i n  t h e  a v a i l a b l e  d a t a ,  e . g .  s t r u c t u r e  
u n d e r  t h e  a r r a y  a f f e c t i n g  measured  s lo w ne ss  v a l u e s ,  e r r o r s  i n  s o u r c e  
p a r a m e t e r s ,  weak f i r s t  a r r i v a l s  i n  some d i s t a n c e  r a n g e s  and t h e  
s p r e a d i n g  v a l u e s  i n  t h e  s lo w ne ss  d a t a ,  which make i t  d i f f i c u l t  t o  
d e t e r m i n e  t h e  t r u e  shape  o f  t h e  t r a v e l - t i m e  c u r v e .  Under t h e s e  
c i r c u m s t a n c e s ,  two r e s t r i c t i o n s  a r e  r e q u i r e d  so t h a t  e s t i m a t e s  o f  t h e  
s lo w n e ss  v a l u e  o f  ea ch  b r a n c h  can  be  d e t e r m i n e d .  These a r e  (1 )  t h a t  
e ach  b r a n c h  o f  t h e  t r a v e l - t i m e  c u r v e  h a s  an a l m o s t - c o n s t a n t  o r  a 
l i n e a r l y  d e c r e a s i n g  s l o p e ,  and (2 )  t h a t  t h e  f i r s t - a r r i v a l  b r a n c h e s ,  when 
t a k e n  t o g e t h e r ,  must  f o l l o w  t h e  shape  o f  a s t a n d a r d  t r a v e l - t i m e  c u r v e  
such  as  J-B t r a v e l - t i m e s ,  o r  a t  l e a s t  t h a t  t h e  a v e ra g e  ( sm oothed)  
o b s e rv e d  t r a v e l - t i m e s  must  do so ( 4 . 1 ) .
S ince  t h e  minimum e x te n d e d  d i s t a n c e  o f  a v a i l a b l e  e v e n t s  i s  12 .92  
d e g r e e s ,  t h e  shape  o f  t h e  t r a v e l - t i m e  c u r v e  i n  t h e  r a n g e  be low t h a t  
d i s t a n c e  i s  unknown. In  t h e s e  c i r c u m s t a n c e s  i t  i s  c o n v e n i e n t  t o  use  t h e  
CAP8 model  d i v i d e d  by 1 .7 8 5 .  Th is  means t h a t  t h e  A b r a n c h  i n  t h i s  
s t u d y  i s  t h e  one which b o t to m s  be low t h e  75-km d i s c o n t i n u i t y .  The 
s l o p e s  o f  o t h e r  b r a n c h e s  c a n  t h e n  be d e t e r m i n e d  from t h e  A b r a n c h  by 
d e t e r m i n i n g  t h e i r  r e l a t i v e  s l o p e s  w i th  r e s p e c t  t o  t h e  s l o p e  o f  t h a t  
b r a n c h .
F o l lo w in g  t h e  above p r o c e d u r e ,  t h e  e s t i m a t e  o f  t h e  t r a v e l - t i m e  
c u r v e  in  t e r m s  o f  t r a v e l - t i m e  b r a n c h e s  i s  summarized i n  Tab le  4 . 7 .  I t  
i s  shown i n  t h i s  t a b l e  t h a t  t h e  e s t i m a t e d  s l o p e s  a r e ,  on a v e r a g e ,  a bou t  
5% g r e a t e r  t h a n  t h e  a v e r a g e  measured  v a l u e s .  The problem l e f t  i s  t o  
d e t e r m i n e  t h e  shape  and t h e  s l o p e s  o f  t h e  r e t r o g r a d e  b r a n c h e s .
4 . 3  Slowness  e s t i m a t e s  from T -T m e a s u r e m e n ts .
O  L
Having d e t e r m i n e d  t h e  d i s t a n c e  r a n g e  o v e r  which each  b r a n c h  o c c u r s
180
Table 4.7
Estimated shape of the travel-time curve .
prograde
slowness 
(sec/deg)
estimated distance 
( deg.)
branch average
measured
value
estimated 
from comp, 
record 
section
start end
crossover 
point between 
branches
A 24. 33 + 23.3-23.6 10.0 21.0
14.3-15.0 
( A,B )B 22.32 22.1-22.6 10.0 19.0
C 20.73 
(20.48)*
20.9-21.5 12.0 28.0
20.5-21.2
D 18.70
(18.14)
18.7-19.3 16.0 30.0 ( C,D ) 
23.5-24.0
Di — 17.5-18.0 22.0 35.0 ( D,D1) 23.0-23.3
E 16.22
(17.04)
16.3-16.4 18.0 45.0 ( D,E ) 
30.0-31.0
F 15.03
(15.16)
15.5-15.7 24.0 50.0 ( E,F ) 
37.5-38.5
G 14.29
(14.48)
14.7-14.8 29.0 50.0 ( F,G ) 
43.5-44.5
H 13.25
(13.08)
14.1-14.3 33.0 50.0 ( G,H )
+
*
: from Region I events 
: from Region II events .
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as  a f i r s t  a r r i v a l ,  an a l t e r n a t i v e  method o f  e s t i m a t i n g  t h e i r  s lo w ness  
v a l u e s  i s  t o  u t i l i z e  Tg-Tp m e a s u r e m e n ts .  To e l i m i n a t e  t h e  a m b i g u i t y  in  
p i c k i n g  a r r i v a l s  from d i f f e r e n t  b r a n c h e s ,  e v e n t s  p o s i t i o n e d  n e a r  
c r o s s o v e r  p o i n t s  have  n o t  been  u s e d .  A l i n e a r  r e g r e s s i o n  method has
t h e n  been  used  t o  c a l c u l a t e  t h e  TJ,-T ,^ s l o p e  f o r  each  b r a n c h .  The
a v e r a g e  s lo w n e s s  v a l u e  o f  each  S b r a n c h  h a s  t h e n  been  e s t i m a t e d  u s in g  
t h e  method d e s c r i b e d  i n  Cha p te r  2.  Using t h i s  method t h e  s low ness
v a l u e s  o f  o n l y  f o u r  b r a n c h e s  can  be r e l i a b l y  e s t i m a t e d  b e c a u s e  o f
s c a t t e r e d  v a l u e s  on t h e  o t h e r  b r a n c h e s ,  t h e  f o u r  b r a n c h e s  a r e  E, F,  G 
and H and t h e  r e s u l t s  a r e  summarized i n  Tab le  4 . 8 .
The s lo w n e s s  o f  S f o r  each  b r a n c h  i s  t h e n  e s t i m a t e d  by a dd ing  th e  
T^-Tp s l o p e s  t o  t h e  c o r r e s p o n d i n g  P phase  o b t a i n e d  by o t h e r
m e a s u r e m e n t s .  The s lo w ne ss  v a l u e  o f  E - b ra n c h  P pha se  has  been  o b t a i n e d  
from t h e  C e n t r a l  A u s t r a l i a n  model  ( H a l e s ,  Muirhead and Rynn, 1 9 8 0 a ) ,  and 
t h e  a v e r a g e  v a l u e  i s  9 .4 7  s e c / d e g  w i th  an e r r o r  o f  abou t  2%. The P-wave 
s l o w n e s s e s  v a l u e  o f  t h e  F,  G, and H b r a n c h e s  have  a l s o  been  t a k e n  from 
l o n g - r a n g e  i n s t r u m e n t  d a t a  (Muirhead and H a l e s ,  1980) and t h e s e  v a l u e s  
a r e  8 . 8  s e c / d e g  (1%),  8 . 2  s e c / d e g  (2%),  and 7 .7  s e c / e g  (1%) r e s p e c t i v e l y  
( s e e  F i g u r e s  4 . 4 8  and 4 . 4 9 ) .  The s low ne ss  v a l u e s  o f  t h e  c o r r e s p o n d i n g  S • 
b r a n c h e s  a r e  t h e n  e s t i m a t e d  t o  be 16 .67+ 0 .45  s e c / d e g  ( E - b r a n c h ) ,  
15 .5 0 + 0 .4 0  s e c / d e g  ( F - b r a n c h ) ,  14 .24+ 0 .58  s e c / d e g  (G -b ra n c h )  and 
1 3 .5 4 + 0 .3 3  s e c / d e g  ( H - b r a n c h ) . The u n c e r t a i n t i e s  o f  abou t  0 . 5  s e c / d e g  
a r e  i n  a g re e m e n t  w i th  t h e  u n c e r t a i n t i e s  shown by  t h e  f i r s t - a r r i v a l  
s lo w ne ss  d a t a .  When compared w i t h  t h e  e s t i m a t e d  v a l u e s  g i v e n  i n  Table  
4 . 7 ,  i t  i s  s e e n  t h a t  f o r  t h e  e a r l i e r  b r a n c h e s  t h e  s lo w ne ss  v a l u e  i s  
h i g h e r  w h i l e  f o r  t h e  f u r t h e s t  b r a n c h  (H) t h e  s lo w n e ss  m easured  i s
l o w e r .  These d i f f e r e n c e s ,  which  i n d i c a t e  a t i l t i n g  o f  t h e  t r a v e l - t i m e  
c u r v e  be tw een  t h e  two m e t h o d s ,  s e r v e  t o  i l l u s t r a t e  t h e  d i f f i c u l t y  o f  
o b t a i n i n g  p r e c i s e  a b s o l u t e  s low ne ss  m e a s u r e m e n t s .  When c o n s t r u c t i n g
Table 4.8
Estimated slopes from T - T measurement.
O ir
Branch E F G H
Number of 
events used 30 28 13 25
slope 
(sec/deg) 7.20 6.70 6.04 5.84
standard 
error 
(sec/deg)
0.27 0.31 0.43 0.26
correlation
coefficient 0.98 0.97 0.97 0.98
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S-wave v e l o c i t y  models  t h e  e s t i m a t e d  v a l u e s  g i v e n  i n  Tab le  4 . 7  w i l l  be
used .
CHAPTER 5
FURTHER DISCUSSION ON IMPORTANT EVIDENCE SHOWN BY THE DATA
5.1 On the evidence of shear-wave velocity increases at depths near 200, 
300 and 400 km .
5.1.1 The evidence .
The triplication on the travel-time curve indicated by the crossing 
of the two branches A and B at about 14.3 degrees, is attributed to a 
discontinuity in the mantle at a depth of about 200 km. This
discontinuity was first studied in detail by Lehmann (1955, 1959, 1961, 
1962) who, on the basis of first arrival times of both P and S phases 
postulated its existence in Europe and in North America. Since that 
time, the discontinuity has been found in many areas of the world. 
Niazi (1969) showed that it was a strong reflector under the 
California-Nevada region and determined its depth to be (227±22) km. 
Wiggins and Helmberger (1973), Steinmetz et al. (1974) using body wave 
data found evidence under North America and Europe respectively between 
190 and 230 km. Using surface wave data Cara (1979) found high velocity 
gradients near 220 km with an increase in velocity of the order of 
3.5-4.5%. In Australia its existence has been inferred by Simpson 
(1973) under Western Australia, Muirhead et al. (1977) under South 
Eastern Australia, Hales et al. (1977) under northern Australia and
Drummond et al. (1981) under the continental margin of Western
Australia. All the Australian evidence has been obtained using P wave 
data.
Because of the difficulty in conducting the experiments, body-wave 
evidence for the existence of this discontinuity under oceans is much 
less clear. Hales and Nation (1973) reported an increase in velocity at 
a depth of 160 km in an oceanic region under the Gulf of Mexico. 
Precursors to the phase P'P', which have travel times consistent with an
186
187
underside reflection from the 200-km discontinuity, have been reported 
by Whitcomb and Anderson (1970). Whether these precursors are underside 
reflections has however, been questioned by Cleary (1981) who has 
demonstrated that they have travel times which are also consistent with 
scattered PmKP phases. That observations of a discontinuity near 200 km 
is elusive is demonstrated by the fact that it was not found in the 
extensive observations from the Lake Superior experiment (Green and 
Hales 1968, Masse 1973) although a detailed examination of the record 
sections given in Masse's paper (Figures 2 and 3) suggest that strong 
energy present as later arrivals before 1500 km belong to this 
discontinuity. Similarly, Burdick and Helmberger (1978), who modelled 
the upper mantle by matching recorded waveforms with synthetic 
seismograms, suggested that there was no evidence for either this 
discontinuity or a deeper one at about 300 km. The reason that branches 
from both the 200 and 300 km discontinuities are not always apparent may 
be provided by the observations of Hales et al. (1980a) who recorded
energy from events deeper than 100 km on a long line of instruments in 
Northern Australia. Because of their depths these events not only 
showed clear evidence of a first arrival from below the 200 km 
discontinuity, but also that the branch died out when it was still a 
first arrival. They interpreted this to be evidence for a low-velocity 
zone which started at a depth of about 230 km. The P-wave upper mantle 
velocity structure derived from these and other events indicated that, 
for a surface focus event, energy diffracted from below the 200-km 
discontinuity would terminate (because of the low-velocity layer, below 
230 km) at about the same distance that it becomes a first arrival. In 
this case the only evidence for its existence would be a small offset in 
the travel-time curve near 16 degrees and second arrivals in the 
approximate distance range 10 to 15.0 degrees. As no other detailed
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u p p e r  m a n t l e  s t u d i e s  have  been  c o n d u c te d  in  A u s t r a l i a  u s in g  S waves,  
t h i s  s t u d y  p r e s e n t s  t h e  f i r s t  e v id e n c e  f o r  an i n c r e a s e  in  t h e  v e l o c i t y  
o f  s h e a r  waves a t  d e p t h s  n e a r  200 km.
In F i g u r e  4 . 1 7  i t  was shown t h a t  b e f o r e  t h e  c r o s s o v e r  p o i n t ,  l a t e r  
a r r i v a l s  o f  r a y s  b o t t o m i n g  be low t h e  200 km d i s c o n t i n u i t y  a r e  w e l l  
o b s e r v e d .  U n f o r t u n a t e l y ,  few e v e n t s  have been  r e c o r d e d  a t  d i s t a n c e s  
l e s s  t h a n  13 .5  d e g r e e s .  Most o f  t h e  e v e n t s  from Region  I  show t h a t  
a r r i v a l s  b e f o r e  t h e  c r o s s o v e r  p o i n t s  l i e  a t  abou t  14 .2  d e g r e e s ,  which i s  
c l o s e  t o  t h e  c r o s s o v e r  p o i n t  i t s e l f .  However , e v e n t s  shown i n  F i g u r e  
4 .1 1  and s u p p o r t e d  by t h r e e  o u t p u t s  o f  t h e  beam forming p r o c e s s  in  
F i g u r e s  4 . 1 1 ,  4 . 1 2 ,  and c l a r i f i e d  by d e e p e r  e v e n t s  i n  F i g u r e s  4 . 1 3  and 
4 . 1 4 ,  i n d i c a t e  t h e  e x i s t e n c e  o f  t h i s  d i s c o n t i n u i t y  v e r y  c l e a r l y .  In 
C h a p t e r  4 t h e  c r o s s o v e r  p o i n t  was d e t e r m i n e d  t o  be w i t h i n  t h e  d i s t a n c e  
r a n g e  14 .0  t o  15 .5  d e g r e e s .  Th is  c r o s s o v e r  d i s t a n c e  f o r  b o th  S and P i s  
s u p p o r t e d  by t h e  a n a l y s i s  o f  5 e v e n t s  from W este rn  A u s t r a l i a  i n  t h e  
d i s t a n c e  r a n g e  7 .5  t o  15 d e g r e e s .  The co m p o s i t e  r e c o r d s  s e c t i o n s  o f  
t h e s e  e v e n t s  f o r  b o t h  S and P a r e  p r e s e n t e d  in  F i g u r e s  5 .1  and 5 .2  
r e s p e c t i v e l y .  T h e i r  s o u r c e  d a t a ,  t o g e t h e r  w i th  one e v e n t  a t  a d i s t a n c e  
o f  a b o u t  19 .0  d e g r e e s ,  a r e  l i s t e d  i n  Tab le  5 . 1 .
A l though  t h e s e  e v e n t s  have no t  p roduced  v e r y  good h o r i z o n t a l  
r e c o r d s ,  s lo w ne ss  m ea su rem e n ts  on t h e  v e r t i c a l  component  ( F i g u r e  5 .1 )  
i n d i c a t e  t h e  e x i s t e n c e  o f  a l l  t h r e e  p h a s e s  A, B, and C q u i t e  c l e a r l y .  
Event  LWA001 in  F i g u r e  5 . 3 ,  which i s  a t  abou t  t h e  d i s t a n c e  o f  t h e  
c r o s s o v e r  p o i n t ,  h a s  t h r e e  s i g n a l s  A, B, and A' which can be i d e n t i f i e d  
as  t h e  members i n  t h e  f i r s t  a r r i v a l - g r o u p ,  and t h e s e  a r e  fo l lo w e d  by t h e  
b r a n c h  C. The C b r a n c h  i s  a p p a r e n t l y  o v e r l a p p e d  by a h i g h e r  s low ness  
a r r i v a l ,  wh ich ,  a c c o r d i n g  t o  t h e  m o d i f i e d  CAP8 m ode l ,  i s  i n t e r p r e t e d  to  
be a l a t e r  a r r i v a l  o f  r a y s  b o t to m in g  a t  a d e p th  be low t h e  75 km 
d i s c o n t i n u i t y  ( i n d i c a t e d  by b r a n c h - a ) . The same f e a t u r e s  a r e  shown by
189
Table 5.1
List of Western Australian events used in this study .
EVENT ORIGIN TIME LATITUDE LONGITU DPTH MB DELTA AZIMUT SLOUN
NC. YR MÜ DY HR MI SEC (DEG.) (DEG.) KM. (DEG) (DEG) SC/DG
LUA001 7? 04 0*74.J 05 45 10.1 -16.535 120.175 33 5.9 13.8? 281.84 24.70
L y A 0 0 2 79 07 14 09 40 50.7 -18.134 122.46? 10 5.3 11.38 277.14 24.70
LyA003 79 07 16 20 3? 37.0 -17.249 127.103 10 3.8 7.38 290.12 23.20
LyAOOA 79 04 24 23 14 37.8 -26.250 127.570 •.*:+ 4.5 8.85 223.58 24.75
LUA005 79 04 97 20 14 35.7 -16.521 120.202 33 4.8 13.87 281.92 23.75
LUA006 79 10 11 04 04 07.6 -30.612 117.336 10 5.0 18.67 232.00 21 .25
** UNKNOWN AND ASSUMED TO BE 33 KM OR LESS
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e v e n t  LWA005 ( F i g u r e  3 . 4 )  which a t  a d i s t a n c e  o f  a bou t  14.13 d e g r e e s  i s  
c l o s e  to  LWA001. The SV m o t io n  (RZ p l o t )  o f  t h i s  e v e n t ,  which i s  phased  
t o  a s low ness  o f  23 .57 s e c / d e g ,  shows c l e a r  i n d i c a t i o n s  o f  t h e  
a b o ve -m en t ioned  a r r i v a l s .  The phase  A* can  be i d e n t i f i e d  by i t s  
n e g a t i v e  RZ v a l u e s  a t  t h e  b e g i n n i n g  o f  an a r r i v a l  c o n t a i n i n g  
p r e d o m i n a n t l y  P e n e r g y .  The phase  SS, which f o r  n e a r  d i s t a n c e s  has  a 
s low ness  v a l u e  s l i g h t l y  h i g h e r  t h a n  t h a t  o f  t h e  A b r a n c h ,  can a p p e a r  on 
t h e  S-wave r e c o r d  and d i s t u r b  t h e  a r r i v a l  p a t t e r n  o f  r e f r a c t e d  S p h a s e s .  
Event  LWA002 i n  F i g u r e  5 .5  shows an a r r i v a l  w h ich ,  on t h e  b a s i s  o f  b o th  
s lo w ne ss  v a l u e  and a r r i v a l  t i m e ,  i s  b e l i e v e d  t o  be SS. Although  t h e  TAP 
t r a c e s  i n  F i g u r e  5 .5  c o n t a i n  b u r s t s  o f  e n e r g y  which canno t  be i d e n t i f i e d  
and a r e  presumed t o  be n o i s e ,  a l l  t h e  main p h a s e s  A, B, a ,  A ' ,  C, and B^  
a r e  p r e s e n t .
Even ts  LWA003 and LWA004 a r e  sm a l l  (m a g n i tu d e  4 . 5 )  and the  
sh e a r -w a v e  r e c o r d s  a r e  v e r y  n o i s y .  The TAP v a l u e s  produced  by t h e  
N t h - r o o t  p r o c e s s ,  how ever ,  g i v e  r e a d a b l e  v a l u e s  which can be used t o  
i n d i c a t e  t h e  b r a n c h e s  A, a ,  B, A '  and C. F i g u r e s  5 .6  shows t h e  
sh e a r -w a v e  a r r i v a l  o f  e v e n t  LWA003 p r e s e n t e d  i n  t h e  form o f  l i n e a r  sum 
t r a c e s  f o r  f i v e  v a r i o u s  s lo w ne ss  v a l u e s  w i t h  t h e  p o s i t i o n s  o f  A and a 
i n d i c a t e d .
The ph a s es  B and C, which p r o v i d e  e v i d e n c e  f o r  i n c r e a s e s  i n  s h e a r  
wave v e l o c i t i e s  n e a r  200 and 300 km unde r  W es te rn  A u s t r a l i a ,  a r e  a l s o  
p r e s e n t  i n  t h e  c o r r e s p o n d i n g  c o m p r e s s i o n a l - w a v e  d a t a .  The P-wave 
r e c o r d s  a r e  more c o n v i n c i n g  t h a n  t h e  S r e c o r d s ,  b e c a u s e  o f  t h e  absence  
o f  coda n o i s e .  In  F i g u r e  5 . 2  t h e  P r e c o r d s  a r e  p r e s e n t e d  i n  t h e  form o f  
a c om pos i te  r e c o r d  s e c t i o n .  The a r r i v a l s  f o r  a p a r t i c u l a r  b r a n c h  a r e  
w e l l  c o r r e l a t e d  o v e r  a l l  r e c o r d s  and t h e  c r o s s o v e r  p o i n t  be tw een  A and B 
i s  e s t i m a t e d  to  be a t  a d i s t a n c e  o f  abou t  14 .8  d e g r e e s .  Ev idence  shown 
by th e  P and S r e c o r d s  can  be used t o  p r o v i d e  s u p p o r t  f o r  t h e  e x i s t e n c e
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Figure 5.4 Processed shear-wave records of event LWA005 showing 
different phase arrivals .
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Figure 5.5 Processed shear-wave records of event LWA002 showing 
various phase a r r iva ls .
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of the 200 and 300-km discontinuities. Moreover, the records suggest 
that the branches B and C are observed at minimum distances of about 10 
and 12 degrees respectively. This minimum distance can be used as a 
constraint on travel time and slowness models.
The presence of a low-velocity zone at a depth below the 200-km 
discontinuity is believed to be the reason that the B branch dies out 
forming a shadow zone which starts at about 17.0 degrees. Because of 
the absence of this arrival, care must be taken in tracing out the later 
arrivals of the branches A and C in this zone when a composite record 
section is constructed using array data. Because the exact distance and 
origin time are uncertain, the later arrivals which can be traced 
through from record to record play an important role particularly in the 
shadow zone. As a consequence, uncertainties in the gross travel time 
and the slope of each individual branch can and will result. To reduce 
these uncertainties a standard travel-time curve can be used to 
constrain the composite record section, so that the later arrivals are 
aligned and the first arrivals are in general agreement with the 
standard curve.
Using the above procedure the indicated arrivals of branches C and 
D can be placed in their appropriate positions, and the crossover point 
between these two branches is determined to be at a distance of about 
21.0 degrees. Evidence of the C branch as a later arrival is clearly 
shown on all records in the distance range 10 to 19 degrees. Event 
LWA001 through LWA006 (except LWA003 and LWA004) in Figure 5.1 and 
Figures 5.3 to 5.7 show this phase on both the linear-sum and TAP 
records. Evidence of the existence of the C branch is also strongly 
supported by events from Region I (see Figure 4.17).
The D - branch which is associated with the "400n km 
discontinuity is first observed as a later arrival at a minimum distance
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o f  abou t  15 .5 d e g r e e s  and rem a ins  a l a t e r  a r r i v a l  u n t i l  a d i s t a n c e  o f  
abou t  20 d e g r e e s  ( s e e  F i g u r e s  5 .7  to  5 . 1 1 ) .  Event  LWA006 i n  f i g u r e s  5 .7  
shows p r o c e s s e d  s h e a r -w a v e  d a t a  from a s h a l l o w  e ve n t  i n  Western  
A u s t r a l i a  a t  an e p i c e n t r a l  d i s t a n c e  o f  18 .67 d e g r e e s .  The p h a s e s  C, D, 
B*, Cf , and E have been  i d e n t i f i e d  by examin ing  t h e  TAP t r a c e s ,  t h e  RZ 
t r a c e  and the  p a r t i a l  TAP v a l u e s .  The v e r y  weak s i g n a l  i n  f r o n t  o f  t h e  
C b r a n c h  (marked B?) may be e v id e n c e  o f  t h e  B b r a n c h .  Al though  t h e  
measured  s low ness  v a l u e s  a g re e  w i th  what  would be e x p e c t e d ,  t h e  e n e rg y  
i s  v e r y  weak and may be background  n o i s e .  The P-wave r e c o r d ,  on t h e  
o t h e r  hand ,  s u p p o r t s  t h e  e v id e n c e  o f  a weak B p h a s e .  F i g u r e  5 .8  
p r e s e n t s  a weak f i r s t  a r r i v a l  f o l l o w e d  by s t r o n g  l a t e r  a r r i v a l s .  The 
measured  s low ness  v a l u e  o f  t h i s  weak a r r i v a l  i s  abou t  13 .4  s e c / d e g ,  
which i s  in  ag reemen t  w i t h  o t h e r  m easu red  v a l u e s  o f  B b r a n c h  a r r i v a l s  on 
o t h e r  r e c o r d s .  In  a d d i t i o n ,  t h e  l a t e r  a r r i v a l  s e p a r a t i o n  t im e s  a g re e  
w i th  t h o s e  p r e d i c t e d  by t h e  t r a v e l - t i m e  model c o n s t r u c t e d  from o t h e r  
e v e n t s .  Under t h e s e  c i r c u m s t a n c e s ,  i t  i s  r e c o g n i s e d  t h a t  v e r y  weak 
f i r s t  a r r i v a l s  o f  t h e  B phase  o c c u r  ou t  t o  a d i s t a n c e  o f  a bou t  19 
d e g r e e s .
Close t o  i t s  c r o s s o v e r  w i t h  t h e  C b r a n c h ,  t h e  D b r a n c h  i s  c l e a r l y  
v i s i b l e  as  a l a t e r  a r r i v a l .  For  example ,  e v e n t  LHJ083 i n  F i g u r e  5 .9  
p r e s e n t s  a s equence  o f  a r r i v a l s  C, D, A, C# , B#( ? )  and E on b o t h  t h e  
l i n e a r  sum and TAP t r a c e s .
The whole sequence  o f  t r a v e l - t i m e  b r a n c h e s  i n  t h e  d i s t a n c e  r a n g e  15 
t o  21 d e g re e s  i s  p r e s e n t e d  i n  F i g u r e  5 .1 0  f o r  S and i n  F i g u r e  5 .11  f o r  
P.  Both f i g u r e s  show t h e  p o s s i b l e  weak a r r i v a l s  o f  t h e  b r a n c h  B up to  a 
d i s t a n c e  o f  a bou t  19 d e g r e e s .
So f a r ,  t h e  shape  o f  t h e  t r a v e l - t i m e  cu rv e  i n  t h e  d i s t a n c e  r a n g e  7 
to  20 d e g re e s  has  been  examined f o r  two a z im u th a l  d i r e c t i o n s .  In  bo th  
t h e  n o r t h e r n  and w e s t e r n  d i r e c t i o n s ,  e v e n t s  ou t  t o  a d i s t a n c e  o f  abou t
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Figure 5.7 Processed shear-wave records  of event LWA006 showing 
various phase a r r i v a l s .
The RZ t r a c e  i s  phased to a slowness of 21.1 sec/deg .
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TAP
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-------- -f\j—,
A B*
A = 17.84° h =158 km Ac = 20.09°
Figure 5.9 Processed shear-wave records of event LHJ083 showing 
various phase a r r iv a ls .
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EXTENDED DISTANCE , DEG.
Figure 5.10 Composite S-wave record section for the distance ranqc 
15 to 20.5 degrees using events from Western Australia 
and Sumba-Sunbawa islands.
This figure is a continuation of Figure 5.1.
Reducing velocity = 4.84 km/sec.
The symbols used are as same as those inFigure 5.1.
2ü3
15 16 17 18 19
EXTENDED DISTANCE , DEG.
Figure 5.11 Composite P-wave record section for distance range
15 to 19.5 degrees using events fron Hestern Australia 
and the Sumba-Sumbawa islands.
Numbers indicated on the traces beside event numbers 
and focal depths are the measured slowness values for 
the indicated arrivals.
This figure is a continuation of Figure 5.2.
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14 degrees travel paths which are purely continental. At distances 
greater than 14 degrees, events from Region I begin their path 
travelling through a complex, oceanic region which includes a subduction 
zone. For the western region the initial part of the path at greater 
distances is not so complex but these paths start in an oceanic region 
before crossing under a continental margin.
In spite of these differences the derived travel-time curves for 
regions 1 and 2 are very similar. Any differences are minor and cannot 
be determined by constructing composite record sections using array 
data.
5.1.2 Velocity model.
A shape-constrained travel-time model based both on slowness data 
and matching of the arrival patterns has been already attempted in 
Chapter 4. Velocity modelling of the Earth/s mantle down to a depth 
slightly below 400 km can now be carried out. This model will be used 
to derive a shear-velocity distribution by modifying the critical-point 
(retrograde) cusps of branches B and C and the distance at which the 
branch B dies out. The critical-point cusps of the branches B and C 
have been determined to be at about 10 and 12 degrees respectively for 
both east-west and north-south travel-time models (constructed from 
Western and Region I events). The branch B dies out at a distance of 
about 19 degrees for shallow focus events, and this appears to be 
acceptable for both the E-W (western events) and N-S (Region I events) 
models.
In order to determine the effects of different azimuthal 
directions, two S travel-time curve models have been derived by velocity 
modelling, the N-S and the E-W models. The N-S model is constructed 
using events from Region I. Because few events are available to control
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t h e  shape  o f  t h e  t r a v e l - t i m e  c u rv e  a t  d i s t a n c e s  l e s s  t han  13 d e g r e e s  
t h e r e  a r e  u n c e r t a i n t i e s  i n  d e t e r m i n i n g  t h e  s l o p e s  and p o s i t i o n s  o f  t h e  
b r a n c h e s  B and C. Beyond 20 d e g r e e s  t h e  shape o f  t h e  t r a v e l - t i m e  cu rve  
i s  w e l l  c o n t r o l l e d  b e c a u s e  many e v e n t s  a r e  a v a i l a b l e .  On th e  o t h e r  ha nd ,  
t h e  E-W model which i s  d e r i v e d  from w e s t e r n  e v e n t s  has  a b e t t e r  c o n t r o l  
on t h e  n e a r  d i s t a n c e s  ( t h e  c l o s e s t  e v e n t  i s  a t  an e p i c e n t r a l  d i s t a n c e  o f  
7 .38  d e g r e e s ) .  W i th in  t h e  d i s t a n c e  r a n g e  15 t o  20 d e g r e e s  t h e  Weste rn 
A u s t r a l i a n  e v e n t s  a r e  combined w i th  e v e n t s  from t h e  Sumbawa-Sumba 
I s l a n d s  (Region  I I )  t o  c om p le te  t h e  t r a v e l - t i m e  c u r v e .  The combined 
e v e n t s  c o v e r  an a z im u th a l  r a n g e  o f  a bou t  60 d e g r e e s  which i s  l a r g e  when 
compared w i th  e v e n t s  from Region I .  Th is  i s  b e l i e v e d  n o t  to  be a 
s e r i o u s  s h o r tc om ing  b e c a u s e  t h e  a n a l y s i s  method o f  d e t e r m i n i n g  
s e p a r a t i o n  t im e s  be tw een  d i f f e r e n t  a r r i v a l  b r a n c h e s  i s  no t  s u s c e p t i b l e  
t o  s t r u c t u r e  unde r  t h e  a r r a y  and a l l  r a y s  t r a v e l  f o r  most  o f  t h e i r  p a th  
u n d e r  t h e  c o n t i n e n t a l  s t r u c t u r e  o f  W estern  A u s t r a l i a .
Up to  a d i s t a n c e  o f  a bou t  20 d e g r e e s  t h r e e  t r a v e l - t i m e  c u r v e s  a r e  
a v a i l a b l e  f o r  v e l o c i t y  m o d e l l i n g  and f u r t h e r  a n a l y s i s ,  two S t r a v e l - t i m e  
c u r v e s  f o r  t h e  N-S and E-W d i r e c t i o n s  and one P t r a v e l - t i m e  c u rv e  f o r  
t h e  E-W d i r e c t i o n .  Th is  d a t a  can  a l s o  be compared w i th  t h e  P-wave 
v e l o c i t y  models  d e t e r m i n e d  from WRA-data i n  t h e  N-S d i r e c t i o n  (Ram D a t t ,  
1977) and from C e n t r a l  A u s t r a l i a n  l o n g - r a n g e  i n s t r u m e n t  d a t a  (H a le s  e t  
a l .  1980a ) .
To i n v e r t  t h e  o b s e r v a t i o n s  to  p roduce  an e x p l a i n a b l e  sh e a r -w a v e  
v e l o c i t y  model o f  t h e  uppe r  m a n t l e  t h e  f o l l o w i n g  a s s u m p t io n s  have  been  
m ad e .
1. The sh e a r -w a v e  d i s c o n t i n u i t i e s  a r e  a t  t h e  same d e p t h s  as  were 
d e t e r m i n e d  f o r  c o m p r e s s i o n a l  waves by H a les  e t  a l . ( 1 9 7 7 ) .  Th is  
a s su m p t io n  h a s  been  f o l lo w e d  e x c e p t  where t h e  o b s e rv e d  t r a v e l - t i m e  
cu rve  co u ld  n o t  be matched  by any v e l o c i t y  v a l u e s  a t  a p a r t i c u l a r
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depth.
2. The S velocities down to a depth of 75 km are equal to the P-wave 
velocities divided by 1.785 (Hales and Muirhead, 1980).
The first assumption is a reasonable one since it is unlikely that 
increases in P and S velocities will occur at different depths. The 
second assumption is approximately consistent with the shear-wave 
velocities determined in a refraction profile conducted in the same area 
(Hales et al. 1980b).
With these starting parameters, two velocity models for S (EW-S1 
and NS-S1) which are consistent with the relative slowness values and 
relative separation velocities of the different branches have been 
derived. The models are listed in Table 5.2 for EW-S1 and in Table 5.3 
for NS-S1. The corresponding velocity-depth functions are presented in 
Figures 5.12 and 5.13 respectively.
Accompanying the EW-S1 model is the P-wave velocity distribution 
derived from the same region. This model EW-Pl is listed and plotted in 
Table 5.4 and Figure 5.14. The travel-time curves derived from the 
above models are presented in Figure 5.15 for EW-S1, in Figure 5.16 for 
NS-S1 and in Figure 5.17 for EW-Pl. These travel-time curves fit the 
arrival signals presented in Figures 5.1, 5.10, 5.2 and 5.11 
respectively for EW-S1 and EW-Pl models, and in Figure 4.16 for the 
NS-S1 model.
The S-wave velocity models show that there is no significant 
difference between the EW and NS directions, a conclusion which is 
supported by a comparison of the models EW-Pl and CAP8. Because the 
shape of velocity-depth function in the low-velocity zone cannot be 
determined with the available data it has been assumed that this 
velocity decreases linearly with depth down to the bottom of this zone. 
This assumption is similar to the one used for the CAP8 model. Under
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Table 5.2
EW-Sl , shear-wave velocity model determined using 
geometrical ray theory.
Depth ( km ) Shear-wave velocity ( km/sec )
0 3.473
20 3.473
20 3.641
40 3.641
40 4.515
75 4.504
75 4.639
137 .5 4.66
200 4.65
200 4.84
227 4.84
300 (310) 4.64
300 (310) 4.98
330 4.99
415 4 .95
415 5.22
490 5.38
(4.70) 
(4.58)
(...) alternative values in the low velocity zone.
DE
PT
H 
KM
SHEAR WAVE-VELOCITY , KM/SEC
2.0 3.0 H.0 5 .0  6 .0  7.0
100.0
150.0
200.0
250.0
300.0
350.0
500.0
Figure 5.12 The EW-S1 shear-wave v e l o c i t y  model.
The v e l o c i t i e s  in  the l o w - v e lo c i t y  la y e r  between 
220 and 300 km are not we l l  cons t ra ined .  The 
dot ted l i n e  shows one p o s s i b i l i t y  which would 
a l low  the " 300-km d i s c o n t i n u i t y  " to  be placed 
a t  deeper depths.
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T a b l e  5.3
NS-Sl  , s h e a r - w a v e  v e l o c i t y  model  d e t e r m i n e d  u s i n g  
g e o m e t r i c a l  ray t h e o r y .
De pt h (- km ) S h e a r - w a v e  v e l o c i t y  ( k m / s e c  )
0 3. 47 3
20
20
40
40
75
75
137.5
200
200
220
300 (310)
300 (310)
415
415
490
3 . 47 3
3 .64 1
3. 64 1  
4 . 5 1 5  
4 . 5 0 4  
4 . 6 3 9  
4 . 6 6  
4 . 6 5
4 . 8 3
4 . 8 3
4 . 6 4  (4.70)
4 . 9 7  (4.97)
4 . 9 2 5
5.21
5.37
(...) a l t e r n a t i v e  v a l u e s  in the low v e l o c i t y  zone.
DEP
TH
SHEAR WAVE-VELOCITY , KM/SEC 
2.0 3.0 4.0 5.0 6.0 7.0
100.0
150.0
200.0
250.0
300.0
350.0
400.0
450.0
500.0
Figure 5.13 The NS-S1 shear-wave velocity model
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Table 5.4
EW-Pl , compressional-wave velocity model determined 
using geometrical ray theory .
Depth ( km ) Compressional-wave velocity
( km/sec )
0
20
20
40
40
75
75
200
200
227
300 ( 310 )
300 ( 310 )
415
415
490
6.20
6.20
6.50
6.50 
8.05 
8.04 
8.28 
8.21
8.645
8.645
8.305 ( 8.395 )
8.89 ( 8.89 )
8.79
9.27
9.65
( ... ) alternative values in the low velocity zone.
DE
PT
H 
KM
COMPRESSIONAL-WAVE VELOCITY , KM/SEC
S.0 6 .0  7 .0  8 .0  9 .0  10.0 11.0
100.0
150.0
200.0
250.0
300.0
350 .0
400.0
500 .0
F ig u re  5.14 The EW-P1 compress iona l-wave  v e l o c i t y  model
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t h e s e  c i r c u m s t a n c e s  t h e  v e l o c i t y  d e c r e a s e  t u r n s  ou t  to  be be tw een  
2 .9 -3 .9 %  when t h e  b a s e  o f  t h e  low v e l o c i t y  zone i s  p l a c e d  a t  a d e p th  o f  
300 km. Because t h e r e  i s  a t r a d e - o f f  be tw een  t h e  bo t to m  o f  t h e  LVZ and 
t h e  v e l o c i t y  v a l u e s  w i t h i n  t h e  LVZ, t h e  b a s e  can  be pu t  a t  a d e e p e r  
d e p th  ( i n  t h e  c a s e  o f  t h e  CAP8 model  i t  i s  a t  325 km) b u t  i t  must  be 
accompanied  by change i n  t h e  v e l o c i t y - d e p t h  f u n c t i o n  t o  s a t i s f y  t h e  
p roduced t r a v e l  t i m e s .  I f  t h e  v e l o c i t y - d e p t h  shape  i s  m a i n t a i n e d  as  a 
l i n e a r  f u n c t i o n  o f  d e p t h ,  model  s t u d i e s  i n d i c a t e  t h a t  t h e  b a s e  i s  
r e q u i r e d  t o  be a t  a d e p th  s h a l l o w e r  t h a n  325 km i n  o r d e r  t h a t  t h e  
c r i t i c a l - p o i n t  cusp  o f  b r a n c h  C l i e s  w i t h i n  t h e  d i s t a n c e  r a n g e  12-13 
d e g r e e s .  The d i f f e r e n c e  be tw een  t h i s  r e s u l t  and t h a t  o f  t h e  CAP8 model 
i s  how ever ,  s t i l l  w i t h i n  t h e  u n c e r t a i n t y  o f  e r r o r s  b o th  i n  e v e n t  d e p th s  
and t h e  u n c e r t a i n t y  i n  d raw ing  t h e  C b r a n c h .  A l s o ,  f o r  t h e  CAP8 model ,  
i f  t h e  C b r a n c h  ( c o r r e s p o n d i n g  t o  t h e  325 km b r a n c h )  i s  lowered  a l i t t l e  
f o r  t h e  s h a l l o w  e v e n t s  ( f o c a l  d e p t h s ,  31 and 49 km, see  H a les  e t  a l . 
1980a) i t  w i l l  s t i l l  f i t  t h e  a r r i v a l  a t  s t a t i o n  CA063 and w i l l  a l s o  
a l i g n  w i t h  l a t e r  a r r i v a l s  a t  t h r e e  s t a t i o n s  i n  t h e  d i s t a n c e  ran g e  1000 
t o  1250 km. With t h i s  a d j u s t m e n t  t h e  b o t tom  o f  t h e  l o w - v e l o c i t y  zone 
would be a t  a d e p th  s h a l l o w e r  t h a n  325 km and t h e  shape  o f  t h e  C b r a n c h  
would be i n  a b e t t e r  agreem en t  w i t h  t h i s  s t u d y .
The a v e ra g e  s lo w n e ss  v a l u e s  o f  t h e  b r a n c h e s  B, C and D o b t a i n e d  
from t h e  model  a r e  a b o u t  2 2 . 2 5 ,  21 .3  and 19 .0  ( c l o s e  t o  where i t  becomes 
a f i r s t  a r r i v a l )  s e c / d e g  r e s p e c t i v e l y .  These v a l u e s  a r e  w i t h i n  t h e
e s t i m a t e d  v a l u e s  d e t e r m i n e d  i n  C h a p te r  4 .  The p e r c e n t a g e  i n c r e a s e s  i n  
c o m p r e s s i o n a l  and s h e a r  v e l o c i t i e s  a c r o s s  t h e  d i s c o n t i n u i t i e s  a t  d e p th s  
200,  300 and 415 km a r e  a bou t  4.1%, 6-7.3% and 5.5% r e s p e c t i v e l y .
Except  f o r  t h e  300-km d i s c o n t i n u i t y ,  t h e s e  v a l u e s  a g re e  w i th  t h e  
p e r c e n t a g e  i n c r e a s e s  f o r  t h e  CAPS model  which a r e  a bou t  4.6%, 5.2% and 
4.7% r e s p e c t i v e l y .
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5.1.3 Interpretation
Leven et al. (1981) reviewed five possible explanations for the
200-km discontinuity, and according to their reasoning none could be
responsible for the discontinuous increase in seismic-wave velocities at
that depth. Firstly, they excluded the process of exsolution of 
2+Al^Si^O^ (M = Mg,Fe,Ca) garnet from aluminous pyroxene, because they 
argued that the alumina content of the orthopyroxene would be too small 
to permit exsolution at this depth. Along the 1200-degree C isotherm 
Akaogi and Akimoto (1979) have determined that the alumina content of 
orthopyroxene coexisting with garnet in both synthetic and natural 
systems decreases, rather rapidly from 5-7% near 25 km to 1.5 - 2.5% 
near 40 kbar and then more gradually to ~'0.7% at 70 kbar (approximately 
200 km depth) and 0.4% in Ca-poor clinopyroxene at 140 kbar.
The second alternative is the process of formation of complex 
2+ 2+(Al^M Si)Si^0^ garnet solid solutions. The formation of dense 
garnet solid solutions containing substantial proportions of 
octahedrally coordinated silicon was first demonstrated by Ringwood 
(1967) and has been further studied by Akaogi and Akimoto (1977). The 
latter study confirms the high-pressure solubility of MSiO^pyroxene in 
the garnet structure, but suggests that such solution occurs gradually 
over the pressure range 40-140 kbar with a pronounced increase in the 
proportion of garnet, which then causes an increase in the density and 
seismic velocities in the 140-190 kbar pressure interval. The fact that 
the garnet lherzolite modules of deepest origin (~200 km) brought to 
the Earth's surface in kimberlite pipes contain 3.02-3.07 silicon atoms 
per 12 oxygen atoms provides marginal evidence for the initiation of
(Al )Si 0 - M^+(M^+Si)Si^O.„ solid solution near this depth (Akaogi
et al . 1979). There is, however, no indication from either laboratory 
experiments or garnet bearing nodules of any abrupt increase in the
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(M S i )S i^ 0 ^ 2  c o n t e n t  o f  g a r n e t  n e a r  200 km d e p t h .  Also t h e r e  i s  no 
e v id e n c e  o f  o t h e r  m i n e r a l o g i c a l  changes  i n  g a r n e t  l h e r z o l i t e  i n  t h e  
r e l e v a n t  p r e s s u r e  r a n g e .
The t h i r d  p o s s i b i l i t y  i s  a c o m p o s i t i o n a l  change  o f  h a r z b u r g i t e  to  
g a r n e t  l h e r z o l i t e ,  which i s  t h o u g h t  to  t a k e  p l a c e  a t  a d e p th  n e a r  200 km 
under  c o n t i n e n t s .  The d e n s i t i e s  and c o m p r e s s i o n a l  wave v e l o c i t i e s  f o r  
t h o s e  a s s e m b la g e s :  b a r r e n  h a r z b u r g i t e  above and f e r t i l e  g a r n e t  
l h e r z o l i t e  be low t h e  t r a n s i t i o n  zone ,  have  been  e s t i m a t e d  t o  be 3 .31  
g / c c  and 8 .3 2  km/sec f o r  h a r z b u r g i t e  and 3 .3 8  g / c c  and 8 .3 8  km.sec  fo r  
g a r n e t  p y r o l i t e  (Ringwood,  1 9 75 ) .  Th is  change  i n  P-wave v e l o c i t i e s  o f  
abou t  0 .06  km/s i s  to o  s m a l l  compared w i th  t h e  CAP8 or  CAPRI models  
(Leven ,  1980) ,  b o t h  o f  which have  an i n c r e a s e  o f  a bou t  0 .3  km/sec t o  8 .6  
km /s e c .  I t  i s  a l s o  n o t e d  t h a t  t h e r e  i s  a d i f f e r e n t i a t i o n  p r o c e s s  i n  t h e  
g a r n e t  l h e r z o l i t e  a t  a bou t  t h a t  d e p th  which c o u ld  change t h e  P-wave 
v e l o c i t y .  J o r d a n  ( 1 9 7 9 ) ,  however ,  h a s  shown t h a t  t h e  P-wave v e l o c i t y  i s  
a lm os t  unchanged due to  n e a r  c a n c e l l a t i o n  be tw een  t h e  v e l o c i t y  d e c r e a s e  
a s s o c i a t e d  w i th  p a r t i a l  m e l t i n g  o f  t h e  b a s a l t i c  f r a c t i o n  o f  p y r o l i t e  and 
th e  v e l o c i t y  i n c r e a s e  a s s o c i a t e d  w i th  t h e  more m agnes ian  c o m p o s i t i o n  o f  
t h e  r e s i d u a l  o l i v i n e  and o r t h o p y r o x e n e .
The second c o m p o s i t i o n a l  change which Leven e t  a l . c o n s i d e r e d  i s  
the  t r a n s i t i o n  o f  g a r n e t  l h e r z o l i t e  o r  h a r z b u r g i t e  above t h e  
d i s c o n t i n u i t y  t o  e c l o g i t e  be low (A nderson ,  1979c ) .  The m easured  s e i s m i c  
v e l o c i t i e s  o f  such an e c l o g i t i c  m a n t l e  w i th  magnesium number a bou t  60 
(100 Mg/Mg + Fe) show a r a n g e  o f  8 . 2 7 - 8 . 5 0  km/sec f o r  P-wave v e l o c i t i e s  
and a w ider  r ange  o f  4 . 4 9 - 4 . 8 6  km/sec f o r  S-wave v e l o c i t i e s  a t  10 k b a r  
(Manghnani  e t  a l . 1974) .  Th is  r e s u l t ,  compared w i t h  t h e  m easured  P-wave 
v e l o c i t y  f o r  g a r n e t  l h e r z o l i t e ,  show t h a t  t h e r e  i s  no s i g n i f i c a n t  change  
i n  P-wave v e l o c i t y  from g a r n e t  l h e r z o l i t e  t o  e c l o g i t e .
The f i f t h  p o s s i b l e  e x p l a n a t i o n  which was a l s o  e x c lu d e d  i s  t h a t  t h e
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200 km d i s c o n t i n u i t y  i s  t h e  b a s e  o f  a pronounced  low—v e l o c i t y  zone .  
T h e i r  c o n c l u s i o n  was b a sed  on th e  absence  o f  any s i g n i f i c a n t  
l o w - v e l o c i t y  zone s h a l l o w e r  t h a n  200 km d e p th  b e n e a t h  t h e  A u s t r a l i a n  
c o n t i n e n t .
R e j e c t i n g  a l l  t h e s e  f i v e  p o s s i b l e  e x p l a n a t i o n s ,  th e y  p roposed  t h a t  
t h e  o b s e rv e d  h i g h  P-wave v e l o c i t y  be low 200-km d e p th  may be due to  t h e  
p r e f e r r e d  o r i e n t a t i o n  o f  o l i v i n e  c r y s t a l s  i n  a d e f o r m a t i o n  zone 
r e s p o n s i b l e  f o r  t h e  m e c h a n ic a l  d e c o u p l i n g  o f  t h e  l i t h o s p h e r e  from th e  
u n d e r l y i n g  m a n t l e .  S ince  t h e  A u s t r a l i a n  c o n t i n e n t  i s  b e l i e v e d  to  be 
moving n o r th w a r d  r e l a t i v e  t o  t h e  m a n t l e ,  t h e  o l i v i n e  c r y s t a l s  a r e  l i k e l y  
t o  o r i e n t  t h e m s e l v e s  i n  a n o r t h - s o u t h  d i r e c t i o n .  Th is  i s  a lm os t  t h e  
same d i r e c t i o n  as  t h e  one used  f o r  d e r i v i n g  t h e  CAP8 model ,  hence  Leven 
e t  a l . a rg u e d  t h a t  t h e  o b s e rv e d  h i g h - v e l o c i t y  anomaly a c r o s s  t h e  
d i s c o n t i n u i t y  i s  t h e  r e s u l t  o f  a n i s o t r o p y .  I f  t h i s  r e a s o n i n g  i s  
c o r r e c t ,  t h e n  in  an e a s t - w e s t  d i r e c t i o n  th e  h i g h  v e l o c i t y  be tw een  t h e  
d e p t h s  200 and 230 km sho u ld  n o t  be p r e s e n t .  F u r t h e r m o r e ,  i f  r a y s  
t r a v e l  t h r o u g h  t h i s  d e p th  r e g i o n  a t  r i g h t  a n g l e s  to  t h e  c r y s t a l  
o r i e n t a t i o n  a l o w - v e l o c i t y  l a y e r  shou ld  be o b s e r v e d .  Th is  a n i s o t r o p y  
h y p o t h e s i s  w i l l  n o t  s t a n d  up t o  t h e  e v id e n c e  o b t a i n e d  in  t h i s  s t u d y .
In t h e  e a s t - w e s t  d i r e c t i o n  t h e  model  EW-P1 shows t h a t  a t  t h e  200-km 
d i s c o n t i n u i t y  t h e  jump i n  P-wave v e l o c i t y  v a l u e  i s  abou t  0 . 4  km/s to  
8 .6 45  k m /s ,  which i s  s l i g h t l y  h i g h e r  t h a n  t h e  CAP8 •, o r  CAPRI (Leven ,  
1980) m o d e l s .  Because t h e  two o b s e r v a t i o n a l  d i r e c t i o n s  a r e  a lm o s t  a t  
r i g h t  a n g l e s  t o  each  o t h e r ,  i t  means t h a t  t h e r e  a r e  d i f f i c u l t i e s  in  
e x p l a i n i n g  t h e  200-km d i s c o n t i n u i t y  i n  t e rm s  o f  a n i s o t r o p y .  The S-wave 
v e l o c i t y  models  f o r  t h e  two d i r e c t i o n s  o n l y  s e r v e  to  r e i n f o r c e  t h i s  
d i f f i c u l t y .  The NS-S1 model g i v e s  an 0 .1 8  km/s i n c r e a s e  t o  4 . 8 4  km/sec 
and t h e  EW-S1 model  g i v e s  0 .1 9  km/sec i n c r e a s e  t o  4 .8 3  km/sec a t  t h e  
200-km d i s c o n t i n u i t y :  v a l u e s  which a r e  v i r t u a l l y  i d e n t i c a l .  Al though
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Leven e t  a l . (1981)  have  d e m o n s t r a t e d  t h a t  i t  i s  p o s s i b l e  t o  o b t a i n  
d i f f e r e n t  S v e l o c i t i e s  by a l i g n i n g  t h e  c r y s t a l s  no t  o n l y  i n  an a z im u th a l  
d i r e c t i o n  b u t  a l s o  a t  an a n g le  t o  t h e  h o r i z o n t a l ,  i t  does  n o t  appe ar  
p o s s i b l e  t o  o b t a i n  a c r y s t a l  o r i e n t a t i o n  which w i l l  s a t i s f y  t h e  above 
r e s u l t s .  For  example ,  i f  t h e  c r y s t a l s  were a l i g n e d  i n  a
n o r t h w e s t - s o u t h e a s t  d i r e c t i o n  t h e  d a t a  c o u ld  be s a t i s f i e d  b u t ,  
e x t r a p o l a t i n g  from t h e i r  F i g u r e  3,  t h e  r e q u i r e d  P-wave v e l o c i t y  i n  the  
NW-SE d i r e c t i o n  would be o f  t h e  o r d e r  o f  9 .6  k m /s e c .  I t  can be 
c o n c lu d e d  t h e r e f o r e  t h a t  a n i s o t r o p y  i s  n o t  a p p r o p r i a t e  t o  e x p l a i n  t h e  
s e i s m i c  v e l o c i t i e s  a t  a d e p th  o f  a bou t  200 km under  t h e  A u s t r a l i a n  
c o n t i n e n t .  Another  p o s s i b i l i t y  which h a s  no t  been  d i s c u s s e d  by Leven e t  
a l . i s  t h e  lower  p r e s s u r e  bounda ry  o f  t h e  p r y o x e n e - g a r n e t  t r a n s i t i o n  
( L i u ,  1980b) .  Liu has  shown t h a t  t h e  p y r o x e n e - g a r n e t  t r a n s i t i o n  
accom panie s  a t w o - s t a g e  jump i n  d e n s i t y ,  c o r r e s p o n d i n g  t o  lower and 
uppe r  b o u n d a r i e s .  The d i f f i c u l t y  w i th  t h i s  h y p o t h e s i s  i s  t h a t  the
r e q u i r e d  t e m p e r a t u r e  f o r  t h i s  t r a n s i t i o n  t o  o c c u r  a t  a d e p th  o f  200 km 
(1600°C)  i s  c o n s i d e r a b l y  i n  e x c e s s  o f  e s t i m a t e d  v a l u e s  (1300°C,  S t a c e y  
1 9 77 ) .  Liu ( p e r s .  comm.) a r g u e s  t h a t  t h i s  i s  n o t  n e c e s s a r i l y  a
r e s t r i c t i o n  b e c a u s e  t h e  t e m p e r a t u r e  p r o f i l e  o f  t h e  m a n t l e  i s  n o t  w e l l
e s t a b l i s h e d .  Liu (1980b)  h a s  e s t i m a t e d  t h a t  t h e  i n c r e a s e  i n  d e n s i t y  due 
t o  t h e  py roxene  g a r n e t  t r a n s i t i o n  i s  o f  t h e  o r d e r  o f  3-4% which i s
e q u i v a l e n t  to  a 4-5% i n c r e a s e  i n  t h e  s e i s m i c  v e l o c i t y .  Th is  e s t i m a t e d  
v e l o c i t y  i n c r e a s e  i s  com parab le  w i t h  t h o s e  o b s e rv e d  n e a r  200-km d e p th  
and w i th  t h e  r e s u l t s  o f  t h i s  s t u d y .  Lehmann (1959)  p o s t u l a t e d  a 3% 
i n c r e a s e ,  H a les  e t  a l . (1977 ,  1980a)  gave a 5% i n c r e a s e  in
c o m p r e s s i o n a l  v e l o c i t y  and models  EW-S1, NS-Sl and EW-P1 have  i n c r e a s e s  
o f  t h e  o r d e r  o f  3.9%.
The minimum s h e a r - w a v e  v e l o c i t y  i n  t h e  l o w - v e l o c i t y  zone be low 230 
km ( 4 . 6 4  km /sec )  and t h e  v e l o c i t y  i n  t h e  r e g i o n  a t  200-km d e p th  ( 4 . 8 4
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km /sec )  l i e  w i t h i n  i n t e r v a l  m easu rem en ts  o b t a i n e d  by Manghnani e t  a l . 
(1974)  f o r  v a r i o u s  e c l o g i t e  samples  w i th  a m agnes ian  number o f  abou t  60 
which i s  i n  t h e  r a n g e  4 .4 9  t o  4 . 8 6  k m /s e c .  a t  10 k b a r .  The samples  w i th  
1ower v e l o c i t y  v a l u e s  show an e x t e n s i v e  a l t e r a t i o n  o f  pyroxene  which  may 
r e s u l t  from p a r t i a l  m e l t i n g  o f  t h e  b a s a l t i c  f r a c t i o n .  The P-T 
c o n d i t i o n s  i n  t h e  r e g i o n  be low 220 km d e p th  c o u ld  c a u se  p a r t i a l  m e l t i n g  
which c o u ld  be one way o f  e x p l a i n i n g  t h e  l o w - v e l o c i t y  zone f o r  b o t h  P 
and S wave v e l o c i t i e s  be tw een  t h e  d e p t h s  220 km t o  n e a r  300 km. A 
second method o f  e x p l a i n i n g  t h i s  l o w - v e l o c i t y  zone i s  g i v e n  by Anderson 
(1979c)  who s u g g e s t s  t h a t  i t  i s  a r e g i o n  o f  minimum v i s c o s i t y  f o r  m a n t l e  
m a t e r i a l s .  A d e p th  o f  230 km i s  e s t i m a t e d  f o r  t h e  l o c a t i o n  o f  t h i s  
r e g i o n  where t h e  1300 C a d i a b a t  j o i n s  t h e  (p y ro x e n e )  geo th e rms  ( s e e  
F i g u r e  5 o f  A n d e r s o n #s p a p e r ) .  Under t h e s e  c i r c u m s t a n c e s  t h e  300-km 
d i s c o n t i n u i t y  c o u ld  t h e n  be t h e  b a s e  o f  t h e  o v e r l y i n g  l o w - v e l o c i t y  zone .
The n e x t  d i s c o n t i n u i t y ,  a t  a d e p th  abou t  400 km (415 km), i s  
b e l i e v e d  t o  be due t o  t h e  o l i v i n e  t h ro u g h  s p i n e l  t o  t h e  3 ~ p h a s e . The 
i n c r e a s e  i n  v e l o c i t i e s  o f  0 .41  km/sec and 0 .2 7  km/sec f o r  P and S 
r e s p e c t i v e l y  a r e  i n  ag reemen t  w i th  t h e  p r e d i c t e d  v a l u e  f o r  t h e  
®1I v i n e ^ y —p h a s e —3—phase  which i s  a bou t  0 .4 3  km/sec i n  t h e  P—wave 
v e l o c i t y  (Ringwood,  1975) .
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5.2 Velocity discontinuities at depths below 400 km in the mantle.
5.2.1 Further confirmation.
In Chapter 4 the features, of the travel-time curve at distances 
beyond 21 degrees were determined and the related signal arrivals 
identified using events from Region I. In this section events from 
other regions will be examined to see whether they show similar 
features.
That the D branch exists as a first arrival has been shown using 
event LIL448 in Figures 4.23. A similar feature is also shown by event 
LHJ133 from the Sunda arc region in Figure 5,18. Phase D is followed 
very closely by phases E, C, C' and D ;. Energy, which is not very 
coherent, is shown by the TAP traces arriving before D. Its slowness 
value is high, so there is a possibility that it results from 
P-to-surface-wave conversion and arrives at the array as 
signal-generated noise ( cf. Key, 1967, 1968).
At a larger extended distance, event LHJ136 at an epicentral 
distance of 21.11 degrees but with a focal depth of 621 km (Figure 5.19) 
shows phases F, E, E f and G from discontinuities below the focal depth, 
followed by a phase with a slowness of about 17.0 sec/deg which could be 
interpreted to be an arrival from rays bottoming a depth above 650-km 
discontinuity, ie. it is the direct ray from focus to station (phase 
D^), although the analysis of additional deep events is required to 
verify this. The phase G has a relatively large amplitude as it is at 
about the distance of the critical-point cusp.
Evidence for the existence of the branches E, F, G is further 
demonstrated by event LHJ135 in Figure 5.20. This event with an 
epicentral distance of 33.59 degrees and a focal depth of 294 km
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10 SECS.
SEC/DEG- kM/SEC
14.00 7.94 119.
14.75 7.54 131.
15.50 7. 17 159.
16.25 6.84 176.
17.00 6.54 181.
17.75 6.26 163.
L I N E A R
LHJ136
TAP
A = 21.11° h = 621 km- A c = 28.56°
Figure 5.19 Processed vertical-component S-wave records of event 
LHJ136 showing various phase arrivals.
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10 SECS.
SEC/DEG- K.M/SEC
13.00 8.55 283.
13.75 8.09 342.
14.50 7.67 410.
15.25 7.29 457.
16.00 6.95 466.
16.75 6.64
LHJ135
447.
TAP
LINERR
A = 33.59° h = 294 km A = 35.93°c
Figure 5.20 Processed vertical-component S-wave records of event LHJ135.
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illustrates the phase sequence at a distance greater than the F E 
crossover. F, G, E as phases in the first group are followed by the 
strong arrival of the H branch. Because slowness measurements 13.5
secs/deg) are consistent with those expected, this record provides very 
good evidence for the validity of the H branch. The same pattern is 
also shown by event LHJ036 in Figure 5.21 which is at a similar distance 
but has a shallower focal depth. Compared with other arrivals, the F 
branch in both events is very weak, indicating that it has bottomed in a 
region with a low-velocity gradient. Similar evidence was found 
previously in the P-wave records of events from the Mariana islands 
region (Wright, 1968). Weak arrivals on this distance range may cause 
the first-arrival slowness data to have an unusual shape. The 
observations of the first-arrival slowness values will indicate a 
difference in slowness when the F branch crosses the E branch at 30 
degrees. At larger distances if the F branch is too small to be seen 
the measured slowness will be the higher values of the E branch. At 
still larger distances the slowness values will again decrease after the 
E branch is overtaken by the G branch.
The phase G as a first arrival is shown by event LHJ289 in figure 
5.22. Two strong arrivals of phases G and H are the main contents of 
this record. The weak later arrival of phase F arrives at about the 
same time with phase H. This event presents important evidence of the 
existence of the branch G and indicates the existence of a break in the 
S-wave travel-time curve at a distance of about 38 degrees. This 
evidence for the existence of the G branch is much stronger than was 
obtained for Region I. Together with the two previous events and event 
LIL503 in Figure 4.39 (Chapter 4) this event shows the H branch as a 
later arrival before it crosses G. After the crossover point, event 
LHJ078 in figure 5.23 shows H as the first arrival followed by phases G,
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10 SECS.
SEC/DE& kM/SEC
13.00 8.55 392.
13.75 8.09 392.
14.50 7.67 392.
15.25 7.29 392.
16.00 6.95 392.
16.75 6.64 392.
L I NE A R
LHJ036
TAP
A = 34.73° h = 105 km = 35.29°
Figure 5.21 Processed vertical-component S-wave records of 
event LHJ036 .
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10 SECS.
SEC/DE& KM/SEC
13.00 8.55 411.
13.75 8.09 411.
14.50 7.67 411.
15.25 7.29 411.
6.00 6.95 411.
6.75 6.64 411.
LHJ289
TAP
Figure 5.22 Processed vertical -component S-wavc records of event 
LHJ289 .
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10 SECS.
5EC/DE6 ILM/SEC
13.00 8.55 751.
13.75 8 .09 751.
14.50 7.67 751.
15.25 7 .29 751.
16.00 6 .95 751.
16.75 6 .64
LHJ078
751.
LINEAR
T A P
A = 47.62° h = 106 km A = 48.21°
c
Figure 5.23 Processed vertica l-component S-wave records o f event LHJ078.
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G' , F , and E .
A l t o g e t h e r ,  t h e r e f o r e ,  t h e  e v id e n c e  o f  t r a v e l  t im e  b r a n c h i n g  a t  
d i s t a n c e s  beyond 21 d e g r e e s  as  i n d i c a t e d  by e v e n t s  from Region I i s  a l s o  
shown by e v e n t s  from Region I I .  In  a d d i t i o n ,  e x c e p t  f o r  t h e  a m p l i t u d e s  
o f  t h e  F b ra n c h  a ro und  34 d e g r e e s  from Region I I ,  t h e  e v e n t s  from b o t h  
r e g i o n s  have s i m i l a r  f e a t u r e s .
Event s  from Region  I I I  occupy two n a r ro w  d i s t a n c e  i n t e r v a l s .  These 
a r e :  around 30 d e g r e e s  ( t h e  Solomon I s l a n d s )  and g r e a t e r  t h a n  40 
d e g r e e s  ( F i j i - T o n g a  r e g i o n ) .  In  t h e  f i r s t  i n t e r v a l ,  e v e n t  LHF031 in  
F i g u r e  5 .2 4  shows t h e  phase  F as  t h e  f i r s t  a r r i v a l  f o l l o w e d  by t h e  l a t e r  
a r r i v a l s  o f  E, E ' ,  G, F ' , and t h e i r  c o r r e s p o n d i n g  SP p h a s e s .  Due to  t h e  
l a r g e  a m p l i t u d e  o f  t h e  E b r a n c h  t h e  o t h e r  b r a n c h e s  a r e  no t  a p p a r e n t  on 
t h e  TAP t r a c e s .  Event  LHF019 from t h e  F i j i  I s l a n d s  r e g i o n ,  p r e s e n t e d  in  
F i g u r e  5.25  c l e a r l y  shows th e  phase  H f o l lo w e d  by o t h e r  l a t e r  a r r i v a l s  
to  c o n f i rm  t h e  e x i s t e n c e  o f  t h e  H-branch  p a r t i c u l a r l y  and t h e  o t h e r  
b r a n c h e s  i n c l u s i v e l y .
Al though e v e n t s  from t h i s  r e g i o n  I I I  do n o t  c o v e r  t h e  d i s t a n c e  
r a n g e  a d e q u a t e l y  t h e  e v e n t s  which have  been  a n a l y s e d  s u p p o r t  t h e  i n t e r ­
p r e t a t i o n s  o f  r e g i o n s  I  and I I  and s u g g e s t  t h a t  t h e  f e a t u r e s  show a 
m a n i f e s t a t i o n  o f  t h e  r e a l  s h e a r  v e l o c i t y  s t r u c t u r e  i n  t h e  E a r t h ' s  m a n t l e  
be low 400-km d e p t h .
5 . 2 . 2  V e l o c i t y  m ode l .
Using t h e  t r a v e l - t i m e  c u rv e  model  d e s c r i b e d  i n  C h a p te r  4 w i th  some 
minor  m o d i f i c a t i o n s  found a f t e r  exam in in g  t h e  phase  a r r i v a l s  by means o f  
t h e  TAP r e c o r d s ,  a s h e a r  v e l o c i t y  model  f o r  t h e  E a r t h ' s  m a n t l e  be low 400 
km de p th  can be c o n s t r u c t e d  by t h e  a p p l i c a t i o n  o f  g e o m e t r i c a l  r a y  
t h e o r y .  Because d a t a  from Reg ions  I  and I I  a r e  so s i m i l a r  t h e y  can  be 
used t o  r e p r e s e n t  a s i n g l e  t r a v e l  t im e  m ode l ,  and t h u s  a s i n g l e  v e l o c i t y
L 10 SECS. j
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Figure 5.24 Linear-sum , TAP and RZ records of event LHF031.
Due to the large amplitude of the E-branch,the other branches 
are not apparent on the TAP traces.
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Figure 5.25 Linear-sum ,TAP and RZ records o f event LHF019 .
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m odel .  The r e s u l t  o f  t h i s  m o d e l l i n g  i s  t h e  v e l o c i t y  p r o f i l e ,  named as 
model S - l ,  t a b u l a t e d  i n  Table  3 .5  and p r e s e n t e d  v i s u a l l y  i n  F i g u r e  5 .2 6 .  
The t r a v e l - t i m e  c u r v e  p roduced  by t h i s  model  i s  a l s o  p r e s e n t e d  in  F i g u r e  
5 . 2 7 .
An i m p o r t a n t  f e a t u r e  o f  t h i s  v e l o c i t y  model  i s  t h a t  i t  c o n t a i n s  
n e g a t i v e - v e l o c i t y  g r a d i e n t s  a t  some d e p th  i n t e r v a l s  b e f o r e  r a p i d  
i n c r e a s e s  i n  v e l o c i t y .  Th is  f e a t u r e  i s  r e q u i r e d  in  t h e  model as  a 
r e s u l t  o f  t h e  l a r g e  d i s t a n c e s  t h a t  t h e  a r r i v a l s  b o t to m in g  i n  t h e i r  
r e s p e c t i v e  d e p t h  i n t e r v a l s  t r a v e l  as  l a t e r  a r r i v a l s .  At d e p t h s  s l i g h t l y  
above 520 km, f o r  exam ple ,  t h e  wide o b s e r v a t i o n  o f  D-phase i n  F i g u r e s  
4 .3 0  and 4 .3 1  ( s e e  C h a p te r  4) a t  d i s t a n c e s  n e a r  27 and 28 d e g r e e s  
s u g g e s t s  t h e  i n t r o d u c t i o n  o f  n e g a t i v e  v e l o c i t y  g r a d i e n t  i n  t h a t  r e g i o n .  
The o t h e r  i m p o r t a n t  f e a t u r e  i s  t h a t  r e l a t i v e l y  s h a r p  d i s c o n t i n u i t i e s ,  
r a t h e r  t h a n  p o s i t i v e  v e l o c i t y  g r a d i e n t s  a r e  r e q u i r e d  to  move th e  
r e t r o g r a d e  c u s p s  back  f a r  enough beyond t h e  c r o s s o v e r  p o i n t s .  Al though 
t h e  d i s c o n t i n u i t i e s  have  b e e n  shown as f i r s t  o r d e r  t h i s  does n o t  imply 
any p h y s i c a l  s i g n i f i c a n c e .  I t  s im p ly  r e f l e c t s  a s i t u a t i o n  i n  which 
i n s u f f i c i e n t  a m p l i t u d e  i n f o r m a t i o n  i s  a v a i l a b l e  t o  model them o v e r  a 
f i n i t e  d e p th  i n t e r v a l .  The p o s i t i v e  v e l o c i t y  g r a d i e n t  be low t h e  520-km 
d i s c o n t i n u i t y  i s  b a s e d  on t h e  r e l a t i v e l y  l a r g e  a m p l i t u d e  o f  t h e  
i n t e r p r e t e d  D^-phase  n e a r b y  i t s  c r i t i c a l  p o i n t  cu sp  and th e  s l o p e  i t s e l f  
( s e e  F i g u r e s  4 . 3 2 ,  4 .3 3  and 4 .3 5  in  C h a p te r  4 ) .
5 . 2 . 3  I n t e r p r e t a t i o n
At d e p t h s  be lo w  400-km d i s c o n t i n u i t y  t h e  p y r o l i t e  m a n t l e  would 
c r y s t a l l i z e  t o  form 3 - o l i v i n e  ( ~  57% w e i g h t )  and complex g a r n e t  s o l i d  
s o l u t i o n  ( ~  43% w e i g h t )  (Ringwood,  1975) .  Two d i f f e r e n t  phase  
t r a n s i t i o n s  w i l l  o c c u r  i n  t h e  d e p th  i n t e r v a l  be tw een  500 t o  550 km. The 
f i r s t  t r a n s i t i o n  i s  a t r a n s f o r m a t i o n  o f  b e t a - p h a s e  t o  s p i n e l  which would
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Tabl e  5.5
S-1 , she a r - wave  v e l o c i t y  model f o r  de p t hs  below 400 km
in t he  mant l e  d e t e r mi n e d us i ng  g e o me t r i c a l  r ay t h e o r y .
Depth ( km ) Shear -wave  v e l o c i t y  
( km/sec )
415 5.21
490 5.38
520 5.372
520 5.42
600 5.59
650 5.57
655 6.045
775 6.02
775 6.21
850 6. 20
925 6.36
1050 6.33
1050 6.44
1150 6.44
DE
PT
H 
K.M
SHEAR-WAVE VELOCITY , KM/SEC
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2 .0  3 .0  4 .0  5 .0  6 .0  7 .0  8 .0
100.0
200.0
300.0
400 .0
500.0
600.0
700.0
800.0
900.0
1000.0
1100.0
1200.0
. 0
F igu re  5.26 The S - l  shear-wave v e l o c i t y  model .
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cause a compressional-velocity increase of about 0.14 km/sec (~0.08 
km/sec for shear-wave velocity). A second transformation which can be 
expected to occur between 400 and 600 km is that of the calcium
component of garnet into perovskite structure. This reaction would 
account for a compressional-velocity increase of about 0.1 km/sec (~
0. 06.km/sec in the shear-wave velocity).
Beside the above two phase transofrmations, Liu (1980b) suggests 
another transformation which may be responsible for explaining a 
velocity increase in this depth interval, that is, the upper boundary of 
the two phase region for the pyroxene-garnet transition. Given the
petrological input, it is difficult to say which transition (one, both
or all three) is responsible for the discontinuity feature at a depth 
about 520 km.
Below a depth of 600 km, Ringwood (1975) has suggested the
probability of a number of phase transformations,
1. The spinel phase of olivine disproportionates to a mixture of its 
oxides directly or via strontium plumbate structure.
2. Transformation of pyrope-rich component of garnet to the ilmenite
structure.
3. Transformation of calcium-rich component of garnet to the perovskite 
structure.
4. Sodium alumino silicate component of garnet transforms to calcium 
ferrite structure.
Those four transformations are unlikely to occur at exactly the 
same depth. The most important transformation which may explain a sharp 
increase in seismic velocities near 650-km depth is that of the spinel 
phase-olivine.
Further study shows that the 650-km discontinuity may be due to the 
combination of two phase changes, these are, spinel to perovskite and
238
rocksalt structures in olivine (transformation 1) and garnet to ilmenite 
structures in 90% MgSiO^ - 10% Al^O^ system transformation 2) (Liu, 
1977b). However, Liu (1979) also suggests that the 650-km discontinuity 
may not be associated with any of the equilibrium phase boundaries 
observed in olivine, pyroxene and garnet but may be due to a chemical 
change. This chemical boundary separates the olivine upper mantle with 
the pyroxene lower mantle. The lower mantle is probably composed of the 
pure perovskite phase of (Mg, Fe, Al)(Si,Al)0^ where the perovskite 
comes from the transformation of the pyroxene-garnet component of the 
upper mantle materials to much denser phases possessing the ilmenite and 
perovskite structure and also from the breakdown of the spinel-phase 
olivine into a mixture of perovskite plus rocksalt phases. The 
perovskite as the denser phase may then tend to sink and stay in the 
deeper part of the mantle
The chemical-change interpretation aligns with the mantle model of 
Burdick and Anderson (1975) and Anderson (1979b) who suggest that the 
650-km (or 670-km) discontinuity is a boundary between eclogite in the 
garnetite assemblage and peridotite in the ilmenite plus spinel 
assemblage. Since the model is a convective system a chemical change 
implies that there is a thermal boundary layer in the convecting system 
composed of two superimposed layers. In the case of the 650-km 
boundary, the region slightly above it must have a high thermal gradient 
and this would cause a decrease in the elastic moduli. On the other 
hand the geopressure condition maintains the density increase as a 
function of depth. As a result the seismic velocities will have a 
negative gradient in this region and in terms of travel-time data the 
later arrivals of rays bottoming in this depth interval will be observed 
widely at greater distances. This evidence is indicated in the velocity 
model and in Figure 5.23. The phase in this figure has an extended
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d i s t a n c e  o f  abou t  42 d e g r e e s  ( t w i c e  t h e  e p i c e n t r a l  d i s t a n c e )  i f  i t  i s  
r a y - p r o j e c t e d  t o  be a s u r f a c e - f o c u s  e v e n t .
Below t h e  650-km b o u n d a ry  t h e  d i s c o n t i n u i t i e s  a t  d e p t h s  n e a r  800,  
900 and 1100 km may be due t o  phase  o r  c he m ica l  c hanges  i n  t h e  
p e r o v s k i t e  s t r u c t u r e  i n  t h e  low er  m a n t l e .  The d i s c o n t i n u i t y  a t  770-km 
d e p t h ,  f o r  exam ple ,  may be due to  t h e  t r a n s i t i o n  o f  i l m e n i t e  to  
p e r o v s k i t e  s t r u c t u r e s ,  which was o b s e rv e d  e x p e r i m e n t a l l y  i n  the  
a lu m in ous  py roxene  b e h a v i o u r  a t  h i g h  p r e s s u r e s  and t e m p e r a t u r e s  ( L i u ,
1 9 7 7 b ) .
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5*3 The u s e  o f  SP S s e p a r a t i o n  t i roes  t o  i n f e r - lower- m a n t l e  v e l o c i t y .
As has  a l r e a d y  been  shown ( C h a p te r  3 ) ,  beyond a d i s t a n c e  o f  abou t  
20 d e g r e e s  SP ph a s es  can  be p rom ine n t  l a t e r  a r r i v a l s  i n  t h e  s h e a r -w a v e  
g r o u p .  When t r y i n g  t o  d e t e r m i n e  t h e  o n s e t  t im e s  o f  l a t e r  S p h a s e s  t h e  
SP a r r i v a l s  a r e  a n u i s a n c e  and c o n s i d e r a b l e  e f f o r t  h a s  been  expended i n  
p r e d i c t i n g  t h e i r  o n s e t  t im e s  and i d e n t i f y i n g  them.
On t h e  o t h e r  h a n d ,  b e c a u s e  t h e  s e p a r a t i o n  t im e  be tw een  S and SP i s  
a f u n c t i o n  o f  t h e  s lo w n e ss  v a l u e  o f  t h e  incoming  S-wave,  t h e  d e t e r m i n ­
a t i o n  o f  t h i s  s e p a r a t i o n  t im e  as  a f u n c t i o n  o f  d i s t a n c e  o f f e r s  an 
a l t e r n a t i v e  method o f  i n f e r r i n g  t h e  v e l o c i t y  s t r u c t u r e  o f  t h e  d e e p e r  
m a n t l e .
To t e s t  t h i s  h y p o t h e s i s ,  t h e o r e t i c a l  SP-S t r a v e l  t ime  c u r v e s  have 
been  d e te r m in e d  u s i n g  t h e  d e r i v e d  s lo w ne ss  v a l u e s  f o r  t h e  S b r a n c h e s  a t  
d i s t a n c e s  g r e a t e r  t h a n  20 d e g r e e s  ( S e c t i o n  5 . 2 ) .  A f t e r  c o n v e r s i o n  from 
S to  P a t  t h e  f r e e  s u r f a c e  t h e  P wave h a s  t h e  same s lo w ne ss  v a l u e ,  so 
b o t h  t h e  t r a v e l  t im e  and d i s t a n c e  o f  t h e  P l e g  can  be computed u s i n g  an 
a p p r o p r i a t e  P-wave model  and a s im p le  r a y  t r a c i n g  p rogram .  The SP-S 
t r a v e l  t ime  i s  t h e n  d e t e r m i n e d  by s u b t r a c t i n g  from t h e  P l e g  t r a v e l  
t i m e , t h e  t im e  i t  t a k e s  t h e  incoming  S-waves t o  t r a v e l  t h e  same d i s t a n c e .  
Th is  l a t t e r  t e rm  i s  s im p ly  t h e  d i s t a n c e  m u l t i p l i e d  by  t h e  S-wave 
s lo w ness  v a l u e .  Th is  i s  n o t  e x a c t l y  c o r r e c t  b e c a u s e  t h e  S-wave s low ne ss  
v a l u e  w i l l  change w i t h  d i s t a n c e .  The e r r o r  i s  however  s m a l l  b e c a u s e  o f  
t h e  s h o r t  d i s t a n c e s  o f  t h e  P l e g  (1 -2  d e g r e e s ) .
Model c a l c u l a t i o n s  show t h a t  f o r  t h e  r a n g e  o f  s lo w n e ss  v a l u e s  o f  
i n t e r e s t ,  t h e  P b r a n c h  i s  n o t  a d i r e c t  b r a n c h  b u t  r a t h e r  i s  t h e  phase  
PmP, i e .  one which a f t e r  b e i n g  g e n e r a t e d  by mode c o n v e r s i o n s  a t  t h e  
s u r f a c e  i s  r e f l e c t e d  a t  t h e  "Moho" b e f o r e  r e t u r n i n g  t o  t h e  s u r f a c e .  
Beyond a d i s t a n c e  o f  20 d e g r e e s ,  each  b r a n c h  o f  t h e  S-wave t r a v e l - t i m e
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curve can generate a corresponding SP phase. This means that if the S 
travel-time curve consists of a number of multiple branches then so will 
the SP travel-time curve. In order to simplify the analysis, the 
appropriate SP-S differential travel times have only been determined for 
each S branch in the distance range in which the S branch is a first 
arrival. These derived values are shown as a function of distance in 
Figure 5.28 together with measured values obtained from selected events.
In selecting events for this figure preference has been given where 
possible to events which have been recorded on both the R and Z 
components because the RZ traces the SP arrivals with less ambiguity. 
Where this is not possible, because of lack of events, the 
vertical-component records have been used and the SP phases identified 
as those bursts of energy which have a slowness value corresponding to 
the first-arrival S slowness. Further confirmation that the phases have 
been correctly identified is obtained by tracing the arrivals through a 
composite record section to events which have been recorded on both 
horizontal and vertical instruments. Because a smooth travel-time curve 
as a function of distance will give a smooth SP-S differential 
travel-time curve as a function of distance, Figure 5.28 provides 
strong additional evidence that the discontinuities in the depth range 
650 to 1100 km do in fact exist.
These observations also suggest that the velocity structure of the 
lower mantle should be able to be delineated by a single three-component 
station. In practice this may be very difficult because not only is a 
site required which records clear S waves, but experience gathered in 
this study suggests that an array of instruments is required to raise 
the S/N level so that the shear-wave train can be interpreted.
In Figures 5.29, 5.30 and 5.31, the data used to construct Figure 
5.28 are shown in the form of composite record sections with both the S
SEC
.
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and SP branches marked. Also marked are the time picks used to
construct Figure 5.28. Where the RZ traces are available the SP phases 
are, in the main, very clear. For the "vertical only" traces the SP 
phases have, as mentioned earlier, been picked by determining slowness 
values.
In interpreting these composite record sections it should be noted 
that for some events the time pick of the appropriate SP phase does not 
agree with the dotted SP branches. This is a consequence of the 
different focal depths of the events and the different extended
distances of each branch of the S-wave travel-time curve. A striking 
example of this is shown for event LHF019 in Figure 5.31. Because of 
its depth the F branch arrives much closer to the S wave onset than 
would be expected for an event with a surface focus. As a consequence 
the SP(F) branch also arrives earlier than expected. However, because 
the slowness of the F branch is approximately constant, the separation 
times between the F branch and SP(F) is consistent with what would be 
expected from the theoretical values indicated in Figure 5.29.
To conclude this section it is shown that the SP phase can be used 
as a powerful discriminant in determining lower mantle structure because, 
in effect, it converts a small array into one which has an aperture of 
between one and two degrees.
It should also be mentioned that this technique does not suffer 
from the same "structure under the array" problems as does a measurement 
of slowness model using a small array. As a consequence, events can be 
used from any azimuth. One possible difficulty is incorrect SP arrival 
times due to topography or scattering at the Earth's surface in the 
vicinity of the area where the conversion takes place. Such 
perturbations have not been observed in this study, a result which is 
consistent with all of the reflection points being on a fiat featureless 
plain within 2 degrees of WRA .
CHAPTER 6
CONSTRUCTION OF VELOCITY MODELS
6.1 Introduction.
The main objective of measuring the slowness value dT/dA of seismic 
arrivals as a function of epicentral distance has been to construct a p 
or (dT/dA) versus A curve, which can then be inverted to obtain the 
shear-wave velocity of the Earth’s interior. This chapter reviews the 
available inversion procedures, defines the limitations of the data and 
produces two velocity-depth functions which fit the data subject to 
certain constraints and inversion techniques. Having obtained velocity 
models, the uncertainties associated with them are discussed and 
inversions carried out to determine the non-uniqueness properties of the 
models.
6.1.1 Inversion Techniques.
The original inversion equation is the Herglotz-Wiechert-Bateman 
integral and has the form (Bullen, 1963, page 120)
Ai
cosh  ^ ( —  ) dA
0 '1 
where r = the mean radius of the earth,
TT In (r /r ) o 1 ( 6.1 )
seismic ray parameter
U = ray parameter for the ray that penetrates to a depth
r -r and reaches the surface at distance Aifrom the source, o 1
The p-A data is usually not a single valued function in A , but 
rather is a single valued function in P and so the evaluation of 
equation 6.1 can present difficulties, particularly in the case of a 
triplication where a single value of A will correspond to multiple 
values of p. To simplify this problem, the integral in equation 6.1 can 
be changed into another form in which p rather than A is the independent 
variable.
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4 dp
(P2 -  n 2 )*
TT l n  (r  / r  ) 
o 1 ( 6. 2  )
The above i s  t h e  w e igh ted  i n t e g r a l  o f  A ( w e ig h te d  by ( p 2-ri2 ) 2 ) 
o v e r  p which can  be e v a l u a t e d  i f  A i s  a c o n t i n u o u s  f u n c t i o n  o f  p .  By
a s s i g n i n g  a v a l u e  to  , t h e  l e f t  hand s i d e  o f  e q u a t i o n  ( 6 . 2 )  can be
e v a l u a t e d  and u s i n g  t h e  r i g h t  hand s i d e ,  r^  can  be d e t e r m i n e d .  The 
d e p th  d^  i s  c a l c u l a t e d  d i r e c t l y  from ( r 0 _ r ^)» and s i n c e  so a
r e l a t i o n s h i p  be tw e en  d-^  and can  be c o n s t r u c t e d  f o r  v a r i o u s  g i v e n
v a l u e s  o f  Hj .
I f  P~A d a t a  i s  a v a i l a b l e  o n l y  i n  t h e  d i s t a n c e  ran g e  A ’ t o  A  ^ ( A ’ < A ^ )
and no t  i n  t h e  e n t i r e  r a n g e  0 - A ^ , a v e l o c i t y  d i s t r i b u t i o n  model i s
r e q u i r e d  t o  c a l c u l a t e  t h e  c o n t r i b u t i o n s  o f  t h e  r a y  p a t h s  be tw een  d e p th s
0 and d '  , where d '  i s  t h e  d e p t h  o f  t h e  t u r n i n g  p o i n t  f o r  t h e  r a y  which
emerges a t  a d i s t a n c e  A’ . Th is  p r o c e d u r e ,  which has  been  termed
" s t r i p p i n g  t h e  e a r t h "  can  be w r i t t e n  as
_ »
A dp
(P2-  n? ) h
A dp
( p 2-  r \ \ ) h
7T In (r  / r . )  
o 1 ( 6 .3  )
The s o l u t i o n  o f  t h i s  e q u a t i o n  r e q u i r e s  p -  A v a l u e s  d e r i v e d  from t h e  
v e l o c i t y  d i s t r i b u t i o n  be tw een  d e p t h s  0 and d ' . I f  t h e  v e l o c i t y  
i n c r e a s e s  w i t h  i n c r e a s i n g  d e p t h ,  t h i s  i n t e g r a l  e q u a t i o n  p r o v i d e s  a 
un ique  s o l u t i o n  f o r  a g i v e n  p - A  c u r v e .  I f  t h e  v e l o c i t y  d e c r e a s e s  w i th  
i n c r e a s i n g  d e p t h ,  d v / d r  must  be n u m e r i c a l l y  l e s s  th a n  v / r  f o r  t h i s  
t e c h n i q u e  t o  be used  s u c c e s s f u l l y .  Thi s t i s  in  ag reemen t  w i th  r a y  t h e o r y  
which r e q u i r e s  t h a t  d v / d r ^ v / r  i n  o r d e r  t o  e n s u r e  t h a t  t h e r e  i s  no low 
v e l o c i t y  o r  shadow z one .  In  t h e  c a s e  o f  a low v e l o c i t y  zone ,  t h e  method 
can  s t i l l  be  used  i f  t h e  r e g i o n  o f  t h e  v e l o c i t y  d e c r e a s e  i s  n a r r o w ,  i . e .  
t h e r e  i s  a sudden  d e c r e a s e  i n  v e l o c i t y  from above t o  be low a p a r t i c u l a r  
de p th  d,p, and t h a t  t h e  v e l o c i t y  i n c r e a s e s  be tw een  t h i s  d e p th  and a lower
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depth In this case the Earth can be stripped to the depth d^ and by
generating a new slowness-distance curve p-A*, the inversion integral
can be evaluated for the Earth model starting at r=rQ-d^, The A* is the
old A minus twice the path contribution of rays with slowness p which
travel from the surface to the depth u-j.
ro
A* = A - 2p
r -dm o T
dr_____
r(n2- p2)'1
( 6.4 )
There are many other approaches which deal more effectively with 
the evaluation of the inversion integral for a low velocity zone. 
Gerver and Markushevich (1966) introduced a method which assured that 
the exact depth of the LVZ (Low Velocity Zone) was known and which could 
be achieved by observing travel time data from sources located in
regions below as well as above the LVZ. The inversion integral can then 
have the form
with
and
(^nx)
(^qx)
<Kn,) + t|Kq,) = tt ln(r /r )1 i o i
U (y)
tan (
h
dy
( 6.5 )
v(rQexp(-y/no))
where y = n ln(r /r ) ; u(y) = — r---- — r- =n /no o 1 v(r )exp(-y/n ) oo o
T]^ /T)^  , a given ray parameter.
y, , y ’ are y-values for the top and bottom of the k ^  LVZ.
K tilq. is q-value inside the k LVZ. k
The term i^ (q^ ) was added to take into account the contribution of 
the kth LVZ in determining the velocity structure below it. This 
process allows a direct inversion of the p-A data in the presence of
250
one or more LVZs. Because there is still ambiguity in determining the 
velocity structure in the LVZ there will be a non-uniqueness in the 
velocity-depth function at depths below the first LVZ. McMechan and 
Wiggins (1972) who were aware that a large portion of the non-uniqueness 
is limited to the region below the LVZ determined that if all relevant 
data pertaining to the region at the bottom of the LVZ is available, 
then both the direct and retrograde branches produced by the velocity 
increase at the bottom of the LVZ can be reconstructed in the entire 
distance range. Therefore by differentiating the reconstructed travel 
time curve, the slowness values can be added to complete the p-A curve 
which then can be used to determine the velocity structure below the LVZ 
wTith minimum non-uniqueness. In the case of incomplete data, they 
suggested two paths of integration be used to produce extremal depths 
for a particular value of p, with the constraint that the computed 
travel times are within the observational limits. The inversion of 
those two paths will give an envelope of the velocity-depth function and 
will provide an insight into the degree of non-uniqueness. This 
approach, however, is not entirely satisfactory because the choice of 
the p-A envelope remains subjective.
Utilizing the approach given by Gerver and Markushevich, Bessonova 
et al. (1974, 1976) introduced a new method which is called the "TAU-p 
method" of inverting p-A data, "t" is an intercept time produced by the 
intersection between a straight line (slant line) which is the tangent 
of the travel-time curve at a particular distance A with the time-axis. 
In geometrical form, T for any particular p, can be written as
T(p) = T(p) - pA(p) ( 6 . 6 )
since p = dT/dA , then dT = - Adp or
P
( 6.7 )
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Thus,  T i s  a s s o c i a t e d  w i th  t h e  a r e a  under  t h e  A-p c u r v e .  I f  o n l y  p-A 
d a t a  i s  a v a i l a b l e ,  t h e  T-p c u rv e  can  be p roduced  by a p p l y i n g  e q u a t i o n  
( 6 . 7 )  and t h e  i n v e r s i o n  e q u a t i o n  i s  t h e n  c a l c u l a t e d  from th e  t - p  cu rv e  
u t i l i z i n g  t h e  f o l l o w i n g  e q u a t i o n
and n(t) i s  a s lo w ne ss  v a l u e  o t a i n e d  from t h e  T-p c u r v e .
To overcome t h e  prob lem o f  a LVZ, t h e  minimum v e l o c i t y  i n  t h e  LVZ 
must  be assumed and t h e  bou n d a ry  o f  t h e  LVZ d e t e r m i n e d  from t h e  measured  
jump i n  T and t h e  d i s t a n c e  r a n g e  o f  t h e  shadow zone .  Hence,  t h e r e  i s  a 
t r a d e - o f f  be tw een  t h e  minimum v e l o c i t y  o r  v e l o c i t y  s t r u c t u r e  and t h e  
t h i c k n e s s  o f  t h a t  zone which i m p l i e s  a n o n - u n iq u e n e s s  o f  v e l o c i t y  
s t r u c t u r e  w i t h i n  t h e  LVZ. The e v a l u a t i o n  o f  t h e  LVZ term t h e n  can be 
c a r r i e d  ou t  u s i n g  t h e  fo rm u la  g i v e n  by Gerver  and M a r k u s h e v ic h . I n s t e a d  
o f  m o d e l l i n g  t h e  v e l o c i t y  s t r u c t u r e  i n s i d e  t h e  LVZ, one can  model t h e  
p-A d a t a  u s i n g  t h e  t r a v e l  t im e s  o f  a r r i v a l s  from s o u r c e s  o r i g i n a t i n g  i n  
t h e  LVZ o r ,  a l t e r n a t i v e l y ,  e s t i m a t e  t h e  v e l o c i t i e s  b a s ed  on l a b o r a t o r y  
d a t a  o f  m i n e r a l s  which a r e  t h o u g h t  to  be t h e  main c o n s t i t u e n t s  o f  t h e  
LVZ. The c om ple te  p-A d a t a  t h e n  can be c o n s t r u c t e d  which i n c l u d e s  
i n c r e a s i n g  v a l u e s  o f  p i n  t h e  LVZ. Here ,  a g a i n  t h e  jump i n  T can  be 
used to  c o n s t r a i n  t h e  shape o f  t h e  p-A cu rv e  i n s i d e  t h e  LVZ, i . e .  t h e  
a r e a  bounded by p = minimum s low ness  v a l u e  b e f o r e  e n t e r i n g  t h e  LVZ and 
th e  p-A c u rv e  f o r  t h e  LVZ must  be e qua l  to  t h e  jump i n  T.  The 
i n t e g r a t i o n  can  be c a r r i e d  ou t  c o n t i n u o u s l y  f o l l o w i n g  th e  P_A c u r v e .  In 
p r a c t i c e ,  t h e  above method i s  used  f o r  e v a l u a t i n g  t h e  s low ness  d a t a  up
T(p)
( 6.8  )
where
Y(p) = r o l n ( r  / r )  = r o p l n ( r  / r )  ---- ;—r  o —  o
to  a d i s t a n c e  where t h e  v e l o c i t y  r e t u r n s  t o  normal  b e h a v i o u r ,  beyond 
t h i s  d i s t a n c e  which i s  a s s o c i a t e d  t o  d e p th s  be low t h e  LVZ, method
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"stripping the Earth" can be applied .
All of the methods discussed above involve assumptions concerning 
the velocity in, and the width of the LVZ. These assumptions can be 
applied either in the velocity structure or in the p-A curve. For the 
data obtained in this study, some of the above approaches can be adopted 
as both the shape of the detailed travel time curve and the 
corresponding p-A data can be reconstructed.
To obtain a velocity model two schemes have been preferred. 
Firstly, using a geometrical ray tracing program, a trial and error 
method is used to produce a velocity model which fits the derived travel 
time branches. Secondly, the velocity model can be determined by 
inverting the derived p-A curve using the Herglotz-Weichert integral. 
To simplify this second procedure the velocity model down to the base of 
the low velocity zone obtained from the trial and error method has been 
used.
6.1.2 Travel-time curve and slowness-distance models.
The T-A (travel time) and p-A (slowness) data obtained in this 
study have been already constructed in Chapter 4 (4.2.5). Here they are 
described in more detail in order to see the limitations
Starting at a distance near 13 degrees, the first arrival of 
branch-A has a mean measured slowness of about 24.33 sec/deg. For 
modelling purposes the slowness of this branch must match that of the 
branch produced by rays bottoming below 100 km depth of the modified CAP 
8 model and so the mean slowness has been adjusted to be 23.57 sec/deg. 
The later arrivals of this branch apparently disappear at a distance of 
about 20 degrees. The new first arrival branch-B commences at a
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d i s t a n c e  o f  a bou t  14.30  d e g r e e s  w i th  a mean measured  s lowness  o f  abou t  
22 .33 s e c / d e g .  Th is  has  been  a d j u s t e d  to  22 .5  s e c / d e g  t o  match t h e  
c o r r e s p o n d i n g  a r r i v a l  p a t t e r n  shown on t h e  c o m pos i te  r e c o r d  s e c t i o n .  
Th is  b r a n c h  t e r m i n a t e s  a t  a bou t  19 .0  d e g r e e s  to  form a shadow zone th e  
l e n g t h  o f  which i s  d i f f i c u l t  t o  d e t e r m i n e .  By t a k i n g  i n t o  accoun t  t h e  
p o s i t i o n  o f  t h e  C b r a n c h  as  l a t e r  a r r i v a l s  a t  d i s t a n c e s  l e s s  th a n  16.5  
d e g r e e s ,  i t s  s l o w n e s s ,  which h a s  a mean m easured  v a l u e  o f  20 .7  s e c s / d e g ,  
h a s  been d e t e r m i n e d  t o  be 21 .10  s e c s / d e g .  The l a t e r  a r r i v a l s  o f  t h i s  
b r a n c h  a r e  o b s e r v e d  w i d e l y  up t o  a d i s t a n c e  o f  abou t  29 d e g r e e s .  The 
c o r r e s p o n d i n g  r e t r o g r a d e  b r a n c h e s  o f  t h e  t r a n s i t i o n s  from B t o  C and 
from C t o  D a r e  d i f f i c u l t  t o  i d e n t i f y  a t  l a r g e r  d i s t a n c e s ,  b u t  t h e y  a r e  
v i s i b l e  n e a r  t h e i r  r e s p e c t i v e  r e t r o g r a d e  c u s p s .  The f i r s t  a r r i v a l  o f  
t h e  D b r a n c h  s u p e r s e d e s  C a t  a d i s t a n c e  o f  abou t  21 .0  d e g r e e s .  Th is
b r a n c h  a p p e a r s  t o  e x i s t  from a d i s t a n c e  o f  abou t  15 d e g r e e s  up to  abou t  
35 d e g re e s  b u t  i t  i s  a f i r s t  a r r i v a l  b r a n c h  o n l y  w i t h i n  t h e  d i s t a n c e  r a n g e  
21 .0  t o  23 d e g r e e s .  The a v e ra g e  measured  s low ness  v a l u e  i s  abou t  18.7  
s e c / d e g  which h a s  been  a d j u s t e d  t o  19 .0  s e c / d e g .  a f t e r  forming a 
c o m p o s i te  r e c o r d  s e c t i o n .  A t r i p l i c a t i o n  o c c u r r i n g  on t h i s  D b r a n c h  due 
t o  a d i s c o n t i n u i t y  be low  500 km o c c u r s  a t  a d i s t a n c e  o f  abou t  23 .5  
d e g r e e s  and t h e  new b r a n c h  h a s  a mean s low ness  o f  17.7  s e c / d e g .  Th is  
b r a n c h  e x t e n d s  from a d i s t a n c e  o f  abou t  23 d e g r e e s  up to  35 d e g r e e s .
The E b r a n c h  becomes a f i r s t  a r r i v a l  a t  a d i s t a n c e  n e a r  23 .20  
d e g r e e s  by c r o s s i n g  D ( n o t  D^) .  I t  c o v e r s  t h e  d i s t a n c e  r a n g e  from about  
18 d e g r e e s  t o  some d i s t a n c e  s l i g h t l y  beyond 40 d e g r e e s  w i th  an a v e ra g e  
m easured  s lo w n e ss  o f  a bou t  16 .22  s e c / d e g .  The v a l u e  d e t e r m i n e d  from 
c om pos i te  r e c o r d  s e c t i o n s  i s  16 .27  s e c / d e g .  Th is  b r a n c h  i s  produced  by 
a s h a r p  i n c r e a s e  i n  s h e a r - w a v e  v e l o c i t y  a t  a d e p th  o f  abou t  650 km. The 
s h o r t  d e p th  i n t e r v a l  be tw een  t h e  two d i s c o n t i n u i t i e s  i n d i c a t e d  by and 
E, and t h e  l a r g e  v e l o c i t y  i n c r e a s e  a t  t h e  l a t t e r  d i s c o n t i n u i t y  e n a b l e s  E
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to cross D before becomes a first arrival. The last three branches, 
F, G, H have almost the same characteristics. The jump in slowness 
value between two consecutive branches is not greater than 5.25% and 
they all exist as later arrivals out to distances near 50 degrees. F 
crosses E at a distance of about 30.5 degrees with an average measured 
slowness of about 15.0 sec/deg. This has been adjusted on the basis of 
composite record sections to 15.6 sec/deg. The later arrivals of this 
branch are first observed at a distance near 26.5°. At a distance of 
about 38 degrees the branch G crosses F. This branch is not obviously 
indicated by the first-arrival slowness data but its presence is 
indicated by the later arrival pattern when reconstructing the 
corresponding composite record section. It commences as a later arrival 
branch at a distance of about 29 degree before its cross over point with 
F. Its average measured slowness is about 14.29 sec/deg and this value 
has been adjusted to 14.80 sec/deg. The branch H crosses G at a 
distance of about 44.2 degrees with an average measured slowness of 
about 13.25 sec/deg and an adjusted value of 14.20 se/deg. It commences 
at a distance near 33 degrees as a later arrival branch before it 
crosses G.
The three branches F, G, H are caused by discontinuities at depths 
at about 770 km, 920 km and 1100 km in the mantle respectively.
6.2 Method of construction and the models.
6.2.1 Trial and Error Method
The trial and error method is a forward problem. Firstly, a 
velocity distribution is chosen then the travel time and the distance 
travelled by any ray for a given ray parameter p are calculated using 
equations (2.11a, b). Although much slower than the other inversion 
techniques the trial and error method is instructive insomuch as the
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e f f e c t s  on th e  t r a v e l  t ime  c u rv e  due b o t h  to  changes  i n  d i s c o n t i n u i t y  
d e p t h s  and v e l o c i t i e s  can be r e a d i l y  seen  and a p p r e c i a t e d .
To r e d u c e  t h e  number o f  a t t e m p t s  in  f i n d i n g  t h e  p r o p e r  v e l o c i t y  
m o d e l ,  a t o p - b o t t o m  a pp roa c h  h a s  been  u s e d .  The v e l o c i t y  s t r u c t u r e  i s  
b u i l t  i t e r a t i v e l y  from t h e  t o p  down by m a tc h in g  t h e  produced  t r a v e l  t ime 
f e a t u r e s  w i th  t h e  o b s e r v a t i o n a l  d a t a ,  segment  by  segmen t .  The upper  
p a r t  o f  t h e  model down to  100 km d e p t h  i s  t h e  CAP8 P-wave v e l o c i t y  
model  d i v i d e d  by 1 .7 8 5 .  Using t h i s  model and assuming t h a t  t h e  d e p th s  
t o  d i s c o n t i n u i t i e s  a r e  t h e  same f o r  b o t h  P and S, t h e  v e l o c i t y  s t r u c t u r e  
b e tw een  100 and 200 km i s  h y p o t h e s i s e d  and t e s t e d  a g a i n s t  t h e  o b se rve d  
t r a v e l  t ime  b r a n c h e s .  Once a g re e m e n t  i s  o b t a i n e d  a s i m i l a r  p r o c e d u r e  i s  
ad o p te d  t o  d e t e r m i n e  th e  v e l o c i t y  i n  t h e  d e e p e r  l a y e r s .
Using t h e  above t r i a l  and e r r o r  m e thod ,  which i s  a l s o  d e s c r i b e d  i n  
C h a p te r  5 ,  t h e  d e p th  r a n g e  e x t e n d i n g  down to  t h e  l i m i t  o f  t h e  d a t a  can 
be  d e r i v e d .
The v e l o c i t y  s t r u c t u r e  o f  t h e  r e s u l t i n g  model  S-2 i s  l i s t e d  i n  
Tab le  6 . 1 ,  i l l u s t r a t e d  i n  F i g u r e  6 . 1 ,  and a c o m p a r i s o n  o f  i t s  d e r i v e d  
t r a v e l  t im e  c u rve  w i th  t h e  smoothed o b s e rv e d  t im e s  and th e  J-B t im e s  a r e  
p r e s e n t e d  i n  F i g u r e  6 . 2 .  The d i f f e r e n c e  be tw een  S-2 and t h e  model  S - l  
p r e s e n t e d  i n  Chap te r  5 i s  t h a t  t h e  shape  o f  t h e  S-2 t r a v e l - t i m e  cu rv e  i s  
c o n s t r a i n e d  by b o th  t h e  J-B and t h e  smoothed o b s e rv e d  c u r v e s .  The S - l  
model  i s  o n l y  c o n s t r a i n e d  by t h e  shape o f  t h e  J-B c u r v e .  Both models  
a r e  w i t h i n  t h e  r ange  o f  u n c e r t a i n t i e s  o f  t h e  d a t a .
The n e g a t i v e  d e v i a t i o n s  from t h e  J-B t im e s  o f  b o t h  o b s e rv e d  t r a v e l  
t im e s  and t r a v e l  t im e s  computed from t h e  model o v e r  t h e  d i s t a n c e  r a n g e  
10 t o  50 d e g r e e s ,  a r e  most  l i k e l y  due t o  h i g h e r  s h e a r  v e l o c i t i e s  i n  t h e  
uppe r  m a n t l e  m a t e r i a l s  unde r  t h e  A u s t r a l i a n  c o n t i n e n t .  Th is  i s  c l e a r l y  
seen  by t h e  obse rved  r e s i d u a l s  i n  t h e  Banda Sea r e g i o n  up t o  a d i s t a n c e  
o f  abou t  10 d e g r e e s ,  which showed i n c r e a s i n g  n e g a t i v e  r e s i d u a l s  ( f rom
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Table 6.1
S-2 , shear-wave velocity distribution model for the Earth's mantle to
1100 km depth, 
by the smoothed
determined using geometrical ray 
observed times.
theory and constrained
Depth ( km ) shear velocity 
(km/sec)
Depth ( km ) shear velocity 
(km/sec)
0 3.473 490 5.30
20 3.473 520 5.295
20 3.641 520 5.370
40 3.641 600 5.50
40 4.515 650 5.48
75 4.504 655 6.055
75 4.639 775 6.02
137.5 4.66 775 6.18
200 4.65 820 6.21
200 4.83 930 6.18
220 4.83 930 6.36
300 4.64 1060 6.31
300 4.97 1060 6.45
415
415
4.925
5.21
1100 6.45
00
0
0
0
0
0
0
0
0
0
0
0
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(+1) to (-11) seconds) over the distance range 3 to 10 degrees (Hales, 
Muirhead, Rynn, 1980b). Denham et al. (1972) showed similar evidence 
from the Ord River explosion data, the negative deviations of the S wave 
travel times from the J-B times increase from (-6) to (-15) seconds in 
the distance range 5 to 20 degrees.
At depths below 400 km there is no reason to believe that the shear 
velocities are higher than the J-B Earth model. This conclusion results 
from the observation that there is an almost constant negative deviation 
(about 5 seconds) between the observed travel times and the J-B times 
(see Chapter 4) at distances beyond 22 degrees.
6.2.2 Inversion Method.
Since there are uncertainties in the p-A data, especially the 
slowness data for later arrival and retrograde branches, the p-A model 
is mainly constructed from the adjusted trends of the refraction 
(prograde) branches which have been estimated using first arrival 
evidence. The retrograde branches are then determined by trial and 
error such that the velocity distribution produced by the inversion 
integral in equation (6.1) gives a travel time curve which fits the 
arrival pattern shown by the records similar to the trial and error 
method in 6.2.1 except that the alteration is done on the p-A model. 
Because there are more variabilities in determining a p-A curve it has 
been found to be more difficult to obtain a velocity depth model using 
the inversion procedure. To limit the difference between this inversion 
model and the one determined by trial and error, the structure of the 
upper part of the upper mantle down to the base of LVZ at a 300 km depth 
is adopted from the trial and error method in 6.2.1, and the inversion 
procedure is carried out on the stripped earth below that depth.
Using these constraints the modified p-A model for this inversion
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method is illustrated in Figure 6.3 as a piecewise linear curve. The 
velocity distribution model, hereafter derived from this study has been 
called S-3, is listed in Table 6.2 and illustrated in Figure 6.4.
The S-3 model is in general, similar to the previous model S-2. 
The 520 km discontinuity has a smooth velocity increase which is due to 
the chosen shape of the p-A curve. The velocity gradients shown on the 
interface of the other discontinuities are the result of the piece-wise 
linear shape of the p-A curve on the retrograde branches. Negative 
velocity gradients are produced in the depth ranges above the 770 km, 
920 km and 1060 km discontinuities which is the result of setting the 
associated forward branches to have almost constant slowness values. 
This model is not the only model which will fit the travel time data, 
more models can be generated by rearranging the p-A data and this will 
still agree with the shape of the travel time curve. This is part of 
the nonuniqueness of the model which is discussed in detail in the next 
section.
6.2.3 Uncertainties in depths of the discontinuities.
To present the effect of uncertainties of the original data on the 
velocity-depth model, the p-A data can be modified to take into account 
the uncertainties of the original data. This modified p-A data can 
then be inverted to produce various velocity distribution models which 
can be compared with the original previous obtained model.
Four types of uncertainties are involved in either the T-A or p-A 
data. The first type is the uncertainty in determining the velocity 
structure in the LVZ above 300 km depth. This difficulty cannot be 
overcome with the available data. In order to minimize the 
non-uniqueness of structures below the LVZ, the base of LVZ is set to be 
at 300 km, although as has been discussed in Chapter 5 (5.1) the depth
24
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Table 6.2
S-3 , shear-wave velocity distribution model obtained using inversion 
procedure. Values above 300 km depth are similar to the model S-2.
Depth ( km ) shear-wave
velocity (km/sec)
300 4.972
350 4.978
375 4.981
400 5.008
415 5.093
418 5.218
424 5.240
440 5.279
478 5.299
499 5.307
524 5.340
531 5.361
537 5.385
547 5.432
579 5.490
595 5.505
632 5.531
645 5.580
651 5.767
Depth ( km ) shear-wave
velocity (km/sec)
667 5.993
682 6.014
701 6.030
725 6.042
775 6.025
790 6.047
790 6.122
805 6.184
826 6.200
860 6.202
906 6.190
939 6.193
947 6.349
993 6.338
1046 6.318
1062 6.342
1068 6.378
1077 6.457
1100 6.457
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2.0 3 .0  4 .0  5 .0  6 .0  7 .0  8 .0
100.0
200.0
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400.0
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800.0
900.0
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1100.0
1200.0
Figure 6.4 S-3 shear-wave ve loc ity  d is t r ib u t io n  model
produced by inverting  the p-A*curve in Figure 6.3 .
The ve lo c ity  s tructure down to 300 kn depth is 
determined using geometrical ray theory.
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of this base can lie within the depth range 290 to 325 km in accordance 
with all possible constructions shown by arrival patterns on the 
available records. Because the depth to this base of the LVZ is 
dependent on the velocity structure within the LVZ this uncertainty will 
to some extent affect the structure at deeper depths. It has been 
determined however that these small uncertainties are within the 
uncertainties of other causes.
The second uncertainty is due to errors in source locations given 
by the PDE or ISC bulletin. These errors are most likely to result from 
the trade off between epicentre depths and origin time. To cover all 
possibilities an uncertainty of + 1 . 0  degree has been taken in the
extended distance of each record. This means that the T-A and p-A can 
be shifted by + 1.0 degree along the A-axis. To demonstrate the
uncertainties from this cause, the S-3 model has been taken as a 
reference and the non-unique bounds determined by modified p-A data. 
These bounds, which are shown in Figure 6.5 indicate that both the 
velocities and depths to the discontinuities may be affected. The 400 
km, 520 km, 650 km, 770 km, 920 km and 1060 km discontinuities may lie 
within the depth ranges 406-419 km, 506-540 km, 627-656 km, 762-806 km, 
912-952 km and 1036-1086 km respectively. The velocity in the depth 
interval between two consecutive discontinuities varies by about +0.05 
km/sec. The depth variation of discontinuity boundaries is, on average, 
about 6% with greater variation for the deeper boundaries. The velocity 
variation is almost constant at about 2% which indicates that the change 
in distance (A) affects the depth variable of the model more than the 
velocity. It should be emphasised that in Figure 6.5 and in following 
figures displaying nonuniqueness bounds that although the bounds indicate 
the uncertainties, any model within these bounds still has to fit the S
wave travel time curve to within the limits of the travel time
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2 .0  3 .0  4 .0  5 .0  6 .0  7 .0  8 .0
100.0
200.0
300.0
400.0
500.0
600.0
700.0
800.0
900.0
1000.0
Figure C.5 V a r i a b i l i t y  o f  the node! S-3 due to s h i f t i n g
the p-A curve by + 1.0 degree along the A-axis.
........  r i g h t  : A - 1.0 denrcc.
........  1 e f t  : A + 1.0 degree.
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uncertainties. Thus, although the velocity distribution may lie 
anywhere within these extremes, if it is greater than the model S-3 in 
one depth range it must be less in other depth ranges in order that the 
travel time constraints are satisfied.
The third uncertainty arises in assigning the slopes for each 
prograde branch of the travel time curve. Both first arrival slowness 
data and the estimation of slowness values using T - Tp measurements 
suggest that an error of about +0.5 sec/deg is likely to be the maximum 
that could be assigned to each branch. Figure 6.6 shows the 
velocity-depth distributions for the modified p-A curve when these 
uncertainties are included. It is apparent that the change in slowness 
values affects the velocity more than the depth. The uncertainty in
velocity is about +0.2 km/sec while the depth variation of the 
discontinuities remains virtually unchanged.
The velocity-depth uncertainties portrayed in Figures 6.5 and 6.6 
can be combined by including both modifications to form an extreme limit 
envelope. The left limit of the model is constructed by adding 1.0 
degree and 0.5 sec/deg to the A and p variables of the reference model, 
and the right limit is obtained in the same way but by subtracting 1.0 
degree and 0.5 sec/deg from the corresponding variables. Figure 6.7 
presents the limits of the velocity-depth distribution using the above 
combined modification and the new velocity-depth envelope gives 
variations of about 0.22 km/sec and 15 km in velocities and depths (of 
the discontinuities) which agree with the results of previous individual 
alterations on p and A.
The fourth uncertainty is due to the paucity of data in some 
distance ranges. This uncertainty mainly affects the determination of 
the length of later arrival branches and the shape of retrograde 
branches. For the extreme case, the following situation is considered
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2.0  3 .0  4 .0  5 .0  6 .0  7 .0  8 .0
100.0
200.0
300.0
400.0
600.0
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1200.0
Figure 6.6 V a r i a b i l i t y  o f  the model S-3 due to s h i f t i n g  the 
p-A curve by + 0.5 sec/dcn along the p-ax is .
r i g h t  : p-C.5 sec/deg . 
l e f t  : d+0.5 sec/deg .
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Figure G.7 Ve loc i ty  - Depth envelope obtained by combining 
uncer ta in t ies  in A and n .
............  r i g h t  : A - 1.0 deg.,  p - 0.5 sec/deg
............  l e f t  : a + 1-0 deg . . p + 0.5 sec/deg
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for comparison. The retrograde branches are set to be straight lines 
(assuming that only values at the end points are known) and the forward 
branches have 2/3 of the lengths shown in Figure 6.3 with slight changes 
in the P values at their end positions. This model is designed to cover 
the uncertainty of when the forward branches cease to become direct rays 
and propagate to further distances as diffracted energy. Figure 6.8 
shows the reference p-A curve with the modifications discussed above and 
Figure 6.9 shows the resulting velocity-depth distribution compared with 
the reference model. The deviation from the reference model is within 
the envelope of the +1.0 degree case, i.e. the change in depths of the 
discontinuities is more significant than the changes in velocity.
6.3 Discussion.
6.3.1 The slowness data: A comparison with other measurements.
Most studies on the slowness measurements of S-phases have used 
long-period data. Because of this there is a high probability that when 
two phases arrive close together they will not be separated. This is 
particularly so when a small amplitude arrival is followed • within 
seconds, by a much large amplitude arrival. This consideration must be 
taken into account when the results of this study are compared with those 
of other works.
Using the Large Aperture Seismic Array (LASA), Fairborn (1969) 
measured S-wave slowness values over the distance range 27 to 95 
degrees. Some of his values agree sufficiently with results of this 
study for corresponding branches or distance ranges. Considering the 
branch E, for example, he analysed 7 events with focal depth of less 
than 10 km in the distance range 27.2 to 30.4 degrees. These events 
which were from Southern Alaska, the Kodiak Island and Mexico gave
slowness values from 15.2 to 17.1 sec/deg., and this agrees with the
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F igu re  6 .9  V e l o c i t y  -  Depth model o f  the  p-A v e r s io n  
compared w i t h  the  re fe r e n c e  model S-3 .
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values of 14.8 to 17.5 sec/deg. obtained in this study. In the distance 
range 30.5 to 38 degrees only two events were analysed: one was from 
Mexico with an epicentral distance of 31.8 degrees and focal depth of 
14.2 km and the other was from Central America with an epicentral 
distance of 36.2 degrees and focal depth of 78 km. They both gave 
slowness values of 15.8 and 16.3 sec/deg. respectively. These values 
appear to indicate that he missed the F branch because, compared with 
this study, the measured slowness values are so high it is likely that 
they belong to the strong later arrivals of the E branch. These strong 
later arrivals were still observed at greater distances. For example, 
one event from Central America with an epicentral distance of 38.7 
degrees and a focal depth of 162 km gave a slowness value of 16.1 
sec/deg. Four other measurements from shallow earthquakes in the 
Aleutian Islands with epicentral distances between 39.5 to 41.7 degrees 
gave an average slowness value of 14.6 sec/deg. These appear to 
correspond with the G branch. At greater distances he appears to have 
picked up the H branch, as his measured values gave an average of 14.3 
sec/deg. for 7 events in the distance range 45 to 52 degrees, while 3 
events from Greenland Sea and Svalbard gave measured values below 14.1 
sec/deg.
Robinson and Kovach (1972) measured S-wave slowness values in the 
distance range 14 to 100 degrees using an array of mobile long range 
seismic stations centred on the Tonto Forest Seismological Observatory 
(TFSO) in Arizona. This array, which had an almost L-shape (or more 
precisely an x-shape with two shorter arms) was 325 km long in the NW-SE 
direction and 298 km long in the NE-SW direction. The results were 
graded into two categories: Those for which rays travelled along 
continental-tectonic paths and for oceanic paths. The distance range of 
14.3 to 17.8 degrees covered by continental-tectonic paths gave measured
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slowness values ranging from 24.3 to 24.7 sec/deg. This would appear to 
indicate that only arrivals from the A branch were picked by their 
measurement technique. The arrivals of the B branch were perhaps too 
weak to identify due to a shallow low velocity zone which according to 
their model, extended from 41 km to 125 km depth and produced a shadow 
zone between 6 and 15 degrees. This could also delay the B branch such 
that it would never be a first arrival. In the next distance range, 18 
to 22 degrees, the measured slowness values decreased from 22.7 to 19.5 
sec/deg and these agree with the WRA study but due to a possible 
difficulty of identifying later arrivals at near distances, they failed 
to indicate multiplication at distances less than 23 degrees ( beside the 
one caused by the base of the low velocity zone which for the oceanic 
model was at a depth of 250 km). For greater distances up to 54.7 
degrees their values agree,in general, with this study although some 
events show the possibility of missing weak first arrivals. Their study 
did not indicate a break in slowness values at a distance near 30 
degrees, but two slowness breaks beyond 30 degrees were shown. One was 
at 38 degrees and the other at about 50 degrees. The first break may 
correspond to the break indicated by this study at 38 degrees. The 
second break could also correspond to the one at 44 degrees because they 
did not have any events within the distance range 45 to 47 degrees so 
the arrivals with slowness values less than 14.0 se/deg. could not be 
observed before 48 degrees. Also the jump from 14.5 to 13.7 sec/deg. of 
their study agrees with this study.
For Australian data, Hales, Muirhead, Rynn and Gettrust (1975) used 
the long range instrument arrangement to determine the upper mantle 
travel times in northern Australia. Their results included S-wave 
slowness values determined using least-squares measurements. Five Banda 
Sea events showed an arrival which was observed widely from 790 km
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(7.1°) to 1860 km (16.73 ) and gave an average slowness value of 
about 23.3 sec/deg. This clearly belongs to the A branch. One event 
from the Molucca Passage showed another arrival in the distance range 
2440 km (21.94°) to 2690 km (24.19°) which had a slowness value of 19.04 
sec/deg. This corresponds to the D branch. An arrival corresponding to 
the G branch was shown by an event from the Mariana Islands and observed 
in the distance range 4320 km (38.85°) to 4570 km (41.10°) with a 
slowness value of about 14.75 sec/deg. All the computed slowness values 
mentioned above fall within the range of measurement values for the 
corresponding branches obtained from WRA data in this study.
6.3.2 The models.
The models S-2 and S-3 agree in general but are more complex than 
other shear wave models of the upper mantle and transition zone. The 
main differences are found in two depth ranges.
In the upper part of the mantle no obvious low velocity layer is 
apparent above a depth of two hundred kilometres but rather is evident 
between the depths of about 220 and 300 km. The absence of a prominent 
low velocity layer above 200 km under the shield region of northern 
Australia is not unexpected. It is not seen in P wave models of this 
area (Simpson, 1973, Ram Datt, 1977, Hales et al., 1980a) which 
indicated that the geotherm is too low to cause partial melting 
(Ringwood , 1975).
The low velocity layer below a depth of 220 km is consistent with 
the P-wave models of Ram Datt (1977), and Hales et al., (1980a). 
Whether it is a worldwide feature or is confined to the area to the 
north of Australia is difficult to determine. Certainly it could easily 
be missed if sufficient data was not available.
The second main depth region of difference is between the depths
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700 and 1100 km where the models S-2 and S-3 have three discontinuities 
in velocity. This feature is believed not to be so much a difference 
but the result of a more detailed analysis which has been made possible 
by the quality of the short period shear-wave data. These differences 
are illustrated in Figure 6.10 which compares the models S-2 and S-3 
with the Proposed Reference Earth Model (PREM) of Dziewonski and 
Anderson (1981).
Finite strain extrapolations of reasonable mineralogies derived by 
Burdick and Anderson (1975) are consistent with the produced seismic 
velocity models for both P and S waves under Northern America given by 
Helmberger and Engen (1974). For the purpose of comparison with the 
shear-wave velocity model of this study, the derived finite strain 
extrapolation values of shear velocity are plotted on one of the models. 
Figure 6.11 shows this type of plot with the S-2 model as the 
velocity-depth function. In general, the finite strain extrapolation 
values are in good agreement with the velocity model in the depth range 
300 to 650 k m , slightly less in the depth range 100 to 300 km and 
slightly greater at depths deeper than 650 km. However, the discrepancy 
between computed shear-wave velocity and the model is tolerable because 
the computed values possess an almost similar velocity gradient with the 
average shape of the model in the respective depth ranges ; the 
discrepancy is still within the variability of the velocity model. It 
is apparently true that the upper mantle down to 400 km depth consists 
of olivine, garnet (Al-pyroxene) and pyroxene as the major components. 
Above 200 km depth those major components form a peridotite upper 
mantle. Between the depth range 400 and 650 km, the mantle contains 3
and y-phases of olivine as the major components. Below 650 km the
composition is dominated by post-spinel phase which consists of
perrovskite and a mixture of oxides.
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0 3.0 4 . 0
Vs
5. 0
km/sec
6. 0 7. 0 8.0
 ^ o liv ine (Fogy) 
) garnet (Al-Py) 
* bronzite
* ß-phase 
□ y-phase(spinel)
post-spinel
: igure 6.11 Finite strain extrapolated values (Burdick and 
Anderson, 1975) are plotted on the model S-2.
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The discussion of the explanations of the discontinuities found in 
the model has been presented in Chapter 5 sections 5.1 and 5.2. More 
detailed explanations can be followed elsewhere: Ringwood (1975) for a 
pyrolite upper mantle model, Anderson (1979a, b, c) for an eclogite 
transition zone and Liu (1977a, b, 1979, 1980a, b) for explanations 
based on the results of recent laboratory experiments.
CHAPTER 7
CONCLUSION
The main objective of this study has been to investigate the fine 
details of the shear-wave velocity structure of the mantle down to a 
depth of 1100 km. With the available data it has been shown that this 
structure is very much more complex than has been indicated by previous 
shear-wave investigations. This is not unexpected, because this work is 
believed to be the first detailed study of the slowness values of first 
and later shear-wave arrivals using a short-period three-component 
array. In addition it might have been expected that the shear-wave 
velocity structure would follow closely that of the detailed 
compressional wave studies undertaken in Australia.
The main findings of this work may be summarised as follows:
(i) In addition to the well established shear-wave velocity increases 
at depths near 400 and 650 km, additional but smaller increases exist at 
depths near 200, 300, 520, 775, 930 and 1060 km.
(ii) A low-velocity layer is evident, by a drop off in first arrival 
amplitudes, in the depth range 220 km to 300 km.
(iii) Evidence of an increase in shear-wave velocity at a depth near 
200 km, when compared with evidence of P-wave velocity increases at the 
same depth strongly suggests that this velocity increase is not caused 
by anisotropy.
(iv) Previous investigations which have suggested that the 650-km 
discontinuity for S is deeper than for P (or alternatively that there is 
a high velocity gradient below the 650-km discontinuity for S but not P) 
appear to have resulted from the large amplitude branch of the 750-km 
discontinuity, rather than the weak 650-km branch, being picked as the
first arrival at distances near 24 degrees.
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(v) The SP arrival is an important phase in the shear wave train. 
Contrary to the information given by the Jeffreys-Bullen tables, this 
phase becomes a prominent later arrival at a distance near 20 degrees. 
At smaller distances it can appear as an S-wave precursor, presumably 
through scattering or as the result of surface topographic effects.
(vi) The SP-S separation time, which is a function of the incoming 
S-wave slowness value, may be used to determine the shear-wave velocity 
structure of the lower mantle.
(vii) Lack of observations of the precursor phase Sp indicates that the 
crust/mantle interface under WRA is transitional rather than sharp.
(viii) The derived shear-wave models, which require low or slightly 
negative velocity gradients in some depth ranges in order to extend the 
length of the first arrival branches, appear to be inconsistent with 
amplitude observations. Even on the basis of geometrical ray theory it 
would be expected that most of the energy would be at the retrograde 
branches where the rate of change d2T/dA2 is greater. The solution to 
this problem (which is also a problem with the P wave studies of Hales 
et al. , 1980a, Muirhead and Hales t 1980 and Ram Datt, 1981 ) may 
provide a much greater understanding of the velocity structure of the
mantle.
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